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Abstract 
Amino acids as diagnostics of soil and soil water quality 
Jane Madge Bobart Hawkins 
Information on the contribution of amino acids to dissolved organic nitrogen and carbon 
exported from grassland soil is scarce. Evidence from the literature for other 
environments, suggests that determination of amino acid patterns of distribution may be a 
useful method for improved understanding of the interaction of microbial synthesis and 
degradation of organic N in conjunction with soil physical states. 
A sample pre-concentration technique and an HPLC methodology were developed that 
enabled the determination of dissolved free (DFAA) and combined (DCAA) amino acids in 
natural waters at picomolar concentration. These methods were used to examine the 
content of amino acids and their distribution patterns in waters from 3 different settings. 
Firstly, field-sized lysimeters (1 ha) were used to examine dissolved free and combined 
amino acids in surface runoff and drainage waters from a grassland soil over 3 winter 
drainage periods. The waters were collected from soils beneath drained and undrained 
permanent ryegrass swards, receiving 280 kg N ha ·1 yr -1 , permanent ryegrass receiving 
no mineral N input, and grass/white clover (no mineral N). Total DFAA concentration 
ranged between 1.9 nM - 6.1 1-JM and total DCAA concentration ranged between 1.3 - 87 
1-JM. A large library of amino acid distributions was assembled and multivariate pattern 
analysis techniques were used to determine whether there were distinctive amino acid 
signatures that could be used as a diagnostics for soil management and condition. 
Although addition of mineral N fertilizer increased amino acid concentration in waters, 
there was no detectable effect of fertilizer addition on DFAA distribution patterns. In 
contrast, both DFAA and DCAA patterns were strongly influenced by soil hydrology alone. 
However, in the case of DCAA patterns, there was evidence of an interaction between 
hydrology and fertilizer addition. 
Secondly, monolith lysimeters were used to determine the DFAA in drainage waters from 
4 different grassland soil types, in order to find whether there was evidence of pattern 
difference with soil texture. Results showed that distribution patterns vary between soil 
types, and contrary to what might be expected, that clay soils do not necessarily retain 
basic amino acids. 
Thirdly, the concentration and patterns of DFAA were determined hourly over a 24 hour 
period, for a river that received exported soil waters from the field lysimeters mentioned 
above. Total DFAA concentration correlated with water temperature and NH/ . Compared 
with exported soil waters, the concentrations of DFAA in river water were several orders of 
magnitude smaller, although GL Y, SER, L YS and MET were in greater relative 
proportions. 
Results of the studies show that amino acids have the potential to be used as diagnostics 
of source, soil condition and management. 
Table of Contents 
Abstract ... ............. .. ............. ..... ................ ... ..... .......... ............. ......... ...... .... .. .. .. ....... .. ..... .. .. i 
Table of Contents ............................................................. ........... ... ....... ............. ....... ......... ii 
List of Figures ....................................................................... ............ .......... ..... ............. .. ... v 
List of Tables ...... .... .. ......... ... .......... ..... .... ......... ..................... ..... .......................... .. .... .... ... ix 
List of Plates ... ................................................ ............. ..... .. .... ........................................ xiv 
List of Equations ... .. ...... ...... ... .............. ... ... .................. .... .. .................. ........... ....... ...... ..... xv 
Abbreviations and Acronyms .... ....................... ................. ........ ....... ................................ xvi 
Acknowledgements .. ... .... ................................................ .... ............................. .............. xvii 
Authors Declaration .. ............. ............................... ................... .. ...... ..... ..... ...... .............. xviii 
Chapter 1 : Introduction and literature review ............ .. .......... ..................... ....................... 1 
1.1 Overview ..................... ...... .... .................................... ........ ........................................................ 1 
1.2 Setting the scene ..... ......... .... ........ ....... ............ ..................... ...................................... .. .......... .. 1 
1.3 Background to studies ........................................ ....... ................................... .............. ... ............ 2 
1.4 The chemical and physical properties of amino acids ............................................................. . 3 
1.5 Review of the literature ................................................................................. ....................... ..... 7 
1.5.1 Amino acids in soil organic matter ............. ....... .............. .................................... ....... ........ 7 
1.5.2 Amino acid distribution in soils ................... ........ ........ .. .......... ...... ... .... ................ ............. 12 
1.6 Factors affecting amino acids in soil ........... ... ..................... ................................. ................... 21 
1.6.1 Agronomic effects ...... ..................... ........... ....... ........... ............. ... ........... ............ ............. 21 
1.6.1 .1 Crop type ............. ................... ............. ............................... ........................ .. ............. 21 
1.6.1 .2 Effect of cultivation ..... ............ ................. .................. ....... ........ ............................. .... 23 
1.6.1.3 Mineral fertilizer ........ ................ .................................................................... ....... ...... 24 
1.6.2 Interaction with clays .......................................................... ............................................ .. 25 
1.6.3 Depth distribution .................. .............. .............. ........... ............. ............. ..................... ..... 27 
1.6.4 Effects of plant and microbes ......................................................................................... .. 29 
1.6.5 Seasonal changes ............................... .......... ............... ............. ......... ........ .. ..... ............. .. 32 
1.7 Amino acid dynamics in grazed grassland systems ...................... ......... ................ .............. .. 33 
1.7.1 Excretory products of grazing animals ....................... .. ........... ... ...................... ............. ... 35 
1.7.2 Amino acid content of plants ..... ........ ....... ..................................... .... ............................... 36 
1.7.3 Amino acid content of soil microorganisms ............................ ... ....... .......... ...................... 38 
1.7.4 Whole microbial biomass .......................................... .......... ... ......... ....... .... ................. ..... 39 
1.7.5 Atmospheric deposition of amino acids ... .. .... ......................... ........... .......... .................... 40 
1.8 Evidence for differences in patterns of amino acids ................... ..... .... ... .... .. ........ .. ....... .. ....... 41 
1.9 The role of amino acids in aquatic systems .... ...... ..................... .............. .. ............................. 44 
1 .1 0 Conclusions ......... ................. .............. ........... .. ... ......................... ......... .......... ....... ... ......... .... 46 
1.11 Aims and Objectives .................................... ....... .................................................. ................ 4 7 
1.12 Thesis Structure .... ........... ................... .. ............. .... ........................................... .................... 48 
Chapter 2 : Analytical procedures ... ........ .. .............................................. ..... .. .... ....... ...... . 50 
2.1 Overview .... ........ .. .... ............................................. ............................................ ...................... 50 
2.2 Analysis of amino acids ......... ......... .. .... .... .. .... .... ......................... ........ ..... ............ ................... 50 
2.2.1 Reagents ........... ... ............................................................................................................ 53 
2.2.2 Mobile phase preparation .................... ............................................................................. 53 
2.2.3 Derivatization reagents ...... .... .... ......... .... ... ...................... ........... .................. ................... 54 
2.2.4 Apparatus ................. .................. ............... ...... ... .............. ... ... .... ................... ................... 54 
2.2.5 Derivatization procedure .................................... ........................................ ... ................... 55 
2.3 HPLC methodology tests ......... ........ ............... ........ .. .. .. ......... ........... .... ............ ....... ............... 55 
2.3.1 Determination of background amino acid concentration ...... .................. ........ .................. 56 
2.3.2 Repeatability .... ...... .......... .. ... ......... .. .......... ........................ ............ ................. ........... ....... 59 
2.3.3 Linearity of response .... ....... ....... ...... ................................ .............. ......... .... ...... ...... .. .... ... 60 
2.4 Sample pre-concentration .. .. .. .. ... ............. ........................ .... ............... .... ................. ..... .... ... ... 62 
ii 
2.4.1 Procedure for the determination of dissolved total and combined amino acids ... .. ......... 64 
2.4.2 Preparation of hydrolysis vessels ........... ......... ..................................................... .. ......... 64 
2.4.3 Preparation of samples and hydrolysis procedure ... .... .. .. .............. .................. ... ............. 65 
2.5 Evaluation of the hydrolysis method ....... .... .... ...... ........ ........ .......... .. ..................................... . 66 
2.6 Nitrogen analysis .. ...... ... ... .. ............................ ............................. ......... ... .................. ..... ........ . 67 
2.6.1 Total nitrogen .......................... ........................... .... .... .. .. .. .... .... ... .. ..... .. ... .. .. ....... ... .. ......... 67 
2.6.2 Inorganic nitrogen ... ................. .................................. .. .. ........ .. .... .. ..... ............... ... ... ........ 68 
2.6.3 Organic nitrogen ......................... ....... ............... ......... ........... ......... ...... ..... .... ... ......... ........ 69 
2. 7 Carbon analysis .............. ........ .... ......... .... .... ....... ....... ....... ............. ............. ......... .. ................. 69 
2.7.1 Organic carbon ................ .......... .......... ... ................................................... ....................... 70 
Chapter 3 : Field experimental .... ..................................................... .... .. ......................... 71 
3.1 Overview .. .... ............................ ................................. .... ... ............................. ........... .......... ..... 71 
3.2 Description of the field site ... ............ .. ... ..... .. ..... .. ........ ....... .. ........... .. .............................. ........ 71 
3.2.1 Soil characteristics ... ................... ... ............................................ ... .. ..... .. ... .. .......... .... ....... 72 
3.3 Design and construction of the Rowden Drainage Experiment .. .................. .......................... 75 
3.4 Agronomic management ........ .... .. ........... .. ........ .. ... ................ .. ...................................... ......... 79 
3.5 Collection and preparation of field drainage samples ............ .. ........... .. .... .............................. 82 
3.6 Analysis of field drainage samplesoooooo··oo ••ooooooo •oooooooo ··· oo oooo·· oo ··oooooooooooooooooooooooooooooooooooooooooo·····85 
Chapter 4 : Amino acids in surface runoff and drainage waters ....................................... 86 
4.1 Overview ·· ·oo·· ··oo ·oo ···oo oo , ............ oo .. oo .. oo···oo·· ··· oo·· oo·oo···· ·· ···· ···oo·· ···oo····oo·· ··· ··· ····· oo· ·······oo ········oo···86 
4.2 Inorganic Nand dissolved organic Nand C .. ooooooooooooooooooo .. oo .. ooooooooo.ooooo.oooo .. ooooooooooooo·oooooooo oo oo .87 
4.3 Amino acids .. oo .... oo.oooo•·oo···oo·oo····oo· ···· ·····oo·· ·· ····· ······· oo ······ ·· ········ ······ ·oooo .. .... .. .......... oo .. ... ... oooo ... 88 
4.3.1 Data transformation, statistical analyses and pattern recognition oooooooooo.oooooooooooooo···oooo ... 89 
4.3.1.1 Graphical presentation of data 00000000000000000000000000000000000000000000 000000000000000000000000000000000000 0090 
4.3.1 .2 Pattern Recognition Techniques 00 00 .00 .. 00 ... 0000.00 0000 .00 00 .. 00 00 00 .. 00 0000 00 00 00.00 0000 00 00.00 ...... 00 .. 00. 90 
4.3.2 Dissolved free amino acids oooooooooooooooooooooooooooooooo oo ooooooooooooooooooooooooooooooooooooooooooooooooooooooooo ... 93 
4.3.2.1 Summary of yearly total dissolved free amino acid concentrations 0000000000 000000 00000 ..... 93 
4.3.2.2 Individual dissolved free amino acid concentrationsoooooooooooooooooooooooooooooooooooooooo.oooooooo95 
4.3.2.3 Differences in individual dissolved free amino acid concentration between 
treatments ................... ................... 00.00 ............................... .. 00 ................ 00 00 ... 00.000.00 .......... 00 .. . 99 
4.3.2.4 Percentage relative molar distribution of dissolved free amino acids 00 0000000000 000000000101 
4.3.2.5 Patterns in the percentage relative molar distribution of dissolved free amino acids 
ooooooooooooooooo• ooooooo ooooooooooooooo ooooOOOOOOooOOO OOOOoO oO ooOO oOOOOOOoOOOOOoOoo OO OoOooOoO oooO ooooOoOoo ooo ooo oo oooooooooooooo oooo•• ··· ··· 121 
4.3.2.6 Correlations between individual dissolved free amino acid species oooooooooo oo ........... 132 
4.3.3 Dissolved combined amino acids ·oooooooooo 0000000 00000 000000000000000 OOoooooooooooooooooooooooo 0000000000000000 .oo 133 
4.3.3.1 Summary of yearly total dissolved combined amino acid concentrations ... ........... 133 
4.3.3.2 Individual dissolved combined amino acid concentrations. oooooooo .. .. oooooo .... oo .oo.oooooooo 135 
4.3.3.3 Differences in individual dissolved combined amino acid concentration between 
treatments . .... ... 00.00 ... ... ... 00 ................. .... ......... 00 ............... oo ...... 00 .............................. ............ 139 
4.3.3.4 Percentage relative molar distribution of dissolved combined amino acids .. ···oo···· 141 
4.3.3.5 Patterns in the percentage relative molar distribution of dissolved combined amino 
acids oooooooooo ...... . oo ···oo··oo···oo···oo··oo······················oo··oo······ ··oo··oooo····· ·· ··oo oo oo .............. oo .. .. oo ...... oo.159 
4.3.3.6 Correlations between individual dissolved combined amino acid species. 000000000 .oo 169 
4.3.4 Relationship between dissolved free and combined amino acids 0000000000 0 .. .. oo ... 0000 000000 000 170 
4.3.5 Relationship of dissolved free and combined amino acids to dissolved organic nitrogen 
and carbon ....... . 00 ................... 00 .... 00 .. 00 ........... 00.00 .. .............. 00 ... 00 ......... 00.00 ...... .................... 00.00. 176 
4.3.6 Contribution of dissolved free amino acids to dissolved total amino acids oo .... ... ........... 178 
4.4 Storm Event. ..... ... 000 .. oo ... ... .. ... ......... ... ... ..... 00 .... ....... ..... ....... .. .... ... ... .... . 00 ... .. ... ........ .. .... ...... . 00. 178 
4.4.1 Results ··oooo ... oo.OOOoo .oo ... oo.oo oo• .oooooooo•oooo• 00 .oo .oo .. oo ......... ooo oo ·oo ·oo ·· · ·oooo·oo··· .... oo. 00000 000 000 0000.00 ... oo. 179 
4.5 Discussion oo···· ............. ... ·····oo··· ···oo· ···· ·· ....... .... . oo. oooo ·oo ·· ·oooooo ............ .... oo .. oo ... ..... ...... ... ... .. ..... . 184 
4.5.1 Dissolved free amino acids oooo•••ooooo .. oooo .. oo ooooooooo ...... ···oo···oo· .oo .. oo .. oo ..... oo ... oooo oooo •oo·oo .. . 000000 184 
4.5.2 Dissolved combined amino acids .... ........ oo ..... oo .. oo .. oooooooooooooooooooooooo• ·oo·oo· oooo····oo ·········oo···189 
4.5.3 Relationship between dissolved free and combined amino acids 0000 ooo.oo•oooooooooooooo .. 00000 .192 
4.5.4 Storm event .oo .. oo oo· oooooo· ·oo· ... oooo .................. ... ..... ····· ···oo·oo· .oo ooooooo•oo· oooooo .. oo ....... oo ............... 193 
4.6 General conclusions ...... oo ....... oo. 0000000 .oo .. .. ·oooooo ·· .... oo ....... .... ooooo ·· ·····oo·oo· .00 .. oo .. oo.oo .oooooo···· .. ·oo··· .193 
4.6.1 Dissolved free amino acids ·oooooo oo ooooooooooooooooooo·oo·oo ...... oooo• 0000000000000 0000 ... .. ·· ·oo ···oo ...... ooooo·· · .193 
4.6.2 Dissolved combined amino acids ..... oo .. oo.oo··· ·· ... oo ... .......... .. oo .. oo 00000000000 00 000000000 0000 00 0 ... oo oo oo 194 
4.6.3 Relationship between dissolved free and combined amino acids 000000 000000. ·oooo ............... 195 
iii 
Chapter 5 : Dissolved free amino acids in drainage waters from different soil types ...... 196 
5.1 Overview .... .................................................... ... .. ............... .............................. ........... .......... 196 
5.2 lntroduction ............. ......... .................... .................................................................................. 196 
5.3 Description of the site ............................................................... ............. ............... ................. 198 
5.3.1 Collection and analysis of leachates .......... .... .......... ........ .. .... ...... .. ....... ........ ...... .. ......... 203 
5.4 Results ........ ........ .............. ...... .... ........ ...... ............. .......... ......... ............ ................................ 204 
5.4.1 Dissolved organic C and N ... ........ ... ........ ...... ............. ........ ............................... ....... ...... 204 
5.4.2 Total dissolved free amino acid concentration .................. .......... ..... ... ........................... 205 
5.4.3 Individual dissolved free amino acid concentrations ........................... ... .. ...................... 208 
5.4.4 Relative molar distribution ............. .. .............. ................. ............ ................................ .... 21 0 
5.4.5 Dissolved free amino acids in rainfall .................................................................. ..... ... ... 214 
5.5 Discussion ......................................................................... ............................... ......... ............ 215 
5.6 Conclusions ... ........... ............................... ..................................... ..... ........ ....... ............. .... ... . 217 
Chapter 6 : Dissolved free amino acids in river water ............. .... ..... ........ ........... ...... ..... 218 
6.1 Overview ............................................................. ......... ............. ... .. ....................................... 218 
6.2 lntroduction ........ ....... ... ... .... ... .. .... ....... .. ................ ........................................................ ......... 218 
6.3 Sample collection ..... ... ... ....... ..... ........................... ................................................................ 221 
6.4 Results ......................... ..... ..... ................. .. ......... ................... .... ...... ... ..... ... ........ .. ................. 223 
6.4.1 Dissolved nitrogen and carbon ..... ............... ...... ....................... ... ... .... .......... ........... .. ..... 224 
6.4.2 Total dissolved free amino acids ... ... ... ..................... ..... ........ ...... ........ ........ ................... 224 
6.4.3 Individual dissolved free amino acids ......... .......... ....... ...................... ........ .................... 228 
6.4.4 Comparison of river dissolved free amino acids with dissolved free amino acids from 
agricultural waters .......... ................................... .. .... ..................... ...... .. ... ............. ................... 230 
6.5 Discussion ................................................. .. ... ...... ................. .... ...... ... ................. .... ....... ....... 231 
6.6 Conclusions ... .. ............. ......... .............. ..... .............................................. .................... ........... 233 
Chapter 7 : Project synthesis ................. ..... ... .... ... ... .... ..... ............... .......... ..... .. .. ..... ...... 234 
7. 1 Overview ................................................................... .. ............... ........................................... 234 
7.2 General discussion and future work ................... ... ................................................ ................ 234 
Appendix A .. .... ......... ... .... ... .... ... ....... .. ..................... ........ .. .... .... .............. ... .... .. .. ...... ..... 246 
Appendix 8 ....... .. ............... .. ............... ... .......... .. ...... ... ....... ............................................ 247 
Appendix C .............................................. ......... ........ ......................... .. ..... ...... .............. 266 
References .. ... .. ...... ... .......................... ... ..... ... ..... ......... ........... ........ ....... ........... ......... ... 268 
iv 
List of Figures 
Chapter 1 
Figure 1.1 General formula for an amino acid . .. .... ........ .. ................................................................... 3 
Figure 1.2 Structure of a peptide bond ............................................................................................... 7 
Figure 1.3 Percentage relative distribution of amino acids for soils in different climatic regions. Data 
adapted from Stevenson, (1982b) and sourced from Sowden et al., (1976), Chen et al. , (1977), 
Sowden, (1977), Sowden et al., (1977} and Khan and Sowden, (1971 ). Vertical lines represent 
standard deviation (s.d.) ............. .... .... .............. ........................................................................ .... ..... 17 
Figure 1.4 Pathways and transfer processes of amino acids between sources and sinks in a grazed 
grassland system with emphasis on the inputs (broken lines) and outputs (solid lines) to DFAA and 
DCAA. Italics represent the transfer processes involved ...... .......... ............ ........ ................ .. ...... ...... 34 
Figure 1.5 Mean DCAA distribution of ryegrass (clear bars) and clover (grey bars). Data sourced 
from Gerloff, et al., (1965), Jensen, (1982}, Pokarzhevskii, et al. , (1997) and Winters, et al., (2001 ); 
Vertical lines represent standard errors (s.e.) ................................................................................... 37 
Figure 1.6 General amino acid distribution profiles for bacterial (clear bars) and fungal (grey bars) 
proteins. Data adapted from Block and Weiss, (1956) ................. .................................................... 39 
Figure 1.7 TAA distribution profiles in hydrolysates of litter, microbial biomass and SOM from 8 
different soil types under different vegetation and pH. Data adapted from Friedel and Scheller, 
(2002). Vertical lines represent posit ive s.d. only across the soil and vegetation types ................... 39 
Chapter 2 
Figure 2.1 The reaction between an a-amino acid with OPA and 2-mercaptoethanol to produce a 
fluorescing isoindole ...... .... .. ..... ....... ...... ......................... .. ...................................... , .. ... ...... ........... .... 51 
Figure 2.2 Chromatogram resulting from the separation of a mixture of 15 amino acids at equimolar 
(25 J.JM) concentration. (1 = ASP, 2= GLU, 3= SEA, 4= HIS, 5= GL Y, 6= THR, 7= ARG, 8= ALA, 9= 
TYR, 10= MET, 11= VAL, 12= PHE, 13= ILE, 14= LEU, 15= LYS) .. .. ..... ............ ..... ......... ............... 56 
Figure 2.3 A typical chromatogram resulting from the HPLC analysis of Milli-Q water with a TOC 
content of 1 J..lg r1 . .. ................. . .. . ............ .. .......... .. . .. ... .. ... .. .. ... .. .. . .. . . . .... . .. . .. .. ............ .. .. . .......... .... ...... 57 
Figure 2.4 Elution profile of amino acids from Milli-Q water with a TOC content of 6 J.Jg r1 ............. 58 
Figure 2.5 Low range (a) and high range (b) concentration versus fluorescent response of 15 
amino acids ..... ...... ..... .. ................. .................. ....... .... ............ ... ........ ..... ............... .... ... ..................... 61 
Figure 2.6 Recovery of ARG after freeze drying and re-hydration. (Vertical lines represent s.e. , n = 
8} .................... ....... .... ..... ... ....... ..... ................. ... ...... ....... ....... .................................... ...... ... .... .. ......... 63 
Figure 2.7 Simple diagram to show the component parts of the equipment used to analyze total 
nitrogen .... ................................................. ................. .... .......... .. .......... ........................ ..................... 67 
Chapter 3 
Figure 3.1 Experimental design of the Rowden Drainage Experiment ............................................. 75 
Figure 3.2 Schematic cross section through an undrained and a drained lysimeter to show 
collection and channelling of surface runoff, sub-surface lateral flow and drainage waters to V-
notch weirs .... ...... ............................. ...... ....... ... .... ........... ............. ............................. .......... ...... ..... ... 76 
Figure 3.3 Agronomic layout of Rowden Drainage Experiment during the period of this study ....... 81 
V 
Chapter 4 
Figure 4.1 Means of lysimeter total DFAA concentrations for the sampling periods (a) 1998-99, (b) 
1999-00, (c) 2000-01.Vertical lines represent s.e ............................................................................. 94 
Figure 4.2 Rug plot showing the distribution of all the DFAA concentration data (n = 432) ............. 96 
Figure 4.3 Mean DFAA concentrations in water samples taken during winter (a) 1998-99 (n = 112), 
(b) 1999-00 (n = 88), (c) 2000-01 (n = 232). Vertical lines represent s.e ......................................... 97 
Figure 4.4 Log mean DFAA concentrations within treatments (a) 1998-99, (b) 1999-00, (c) 2000-01. 
(CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD 
=Zero N drained, ZU =Zero N undrained, vertical lines represent positive s.e. only) ................... 100 
Figure 4.5 Mean %RMD of DFAA for 432 samples. Vertical lines represent positive s.d. only ...... 101 
Figure 4.6 DFAA mean %RMD. (a) 1998-99, (b) 1999-00, (c) 2000-01, (CD = Conventional N 
drained; CU = Conventional N undrained; GCD = Grass/clover drained; ZD = Zero N drained; ZU = 
Zero N undrained, vertical lines represent s.e.) .............................................................................. 1 02 
Figure 4.7 Means of 3 years DFAA %RMD, (CD = Conventional N drained; CU = Conventional N 
undrained; GCD = Grass/clover drained; ZD = Zero N drained; ZU = Zero N undrained, vertical 
lines represent s.e.) ......................................................................................................................... 1 03 
Figure 4.8 DFAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 1998-99, (x = ZU, • = ZD) .......................................................................... 1 05 
Figure 4.9 DFAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 1998-99, ( • = GCDa, x = GC Db) .................................... 106 
Figure 4.10 DFAA %RMD in water samples from the two lysimeters',. in the Conventional N 
undrained treatment for the winter drainage period 1998-99, (x = CUa, e =_CUb) ........................ 1 07 
Figure 4.11 DFAA %RMD in water samples from the two lysimeters in the· Conventional N drained 
treatment for the winter drainage period 1998-99, (x = CDa, • = CDb) .......................................... 1 08 
Figure 4.12 DFAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 1999-00, (x = ZU, • = ZD) .......................................................................... 1 09 
Figure 4.13 DFAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 1999-00, ( • = GCDa, x = GCDb). : .................................. 11 0 
Figure 4.14 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1999-00, (x = CUa, • = CUb) ........................ 111 
Figure 4.15 DFAA %RM D in water samples from the two lysimeters in the Conventional N drained 
treatment for the winter drainage period 1999-00, (x = CDa, • = CDb) .......................................... 112 
Figure 4.16 DFAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 2000-01, (x = ZU, • = ZD) .......................................................................... 113 
Figure 4.17 DFAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 2000-01, ( • = GCDa, x = GCDb) .................................... 114 
Figure 4.18 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 2000-01, (x = CUa, • = CUb) ........................ 115 
Figure 4.19 DFAA %RMD in water samples from the two lysimeters in the Conventional N drained 
treatment for the winter drainage period 2000-01, (x = CDa, • = CDb) .......................................... 116 
Figure 4.20 Mean %RMD of DFAA species grouped by the acid-base property of their side chain. 
(CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD 
=Zero N drained, ZU =Zero N undrained; vertical lines represent s.e., n = 432) .......................... 120 
Figure 4.21 Mean %RMD of DFAA species grouped by the polarity of their side chain. (CD = 
Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD = Zero 
N drained, ZU =Zero N undrained, vertical lines represent s.e., n = 432) ..................................... 121 
Figure 4.22 Dendogram of lysimeter clustering based on annual %RMD DFAA means. (_ Y1 = 
1998-99, _ Y2 = 1999-00, _ Y3 = 2000-01 ) ...................................................................................... 124 
Figure 4.23 Dendogram of lysimeter clustering of 3 year %RMD DFAA means ............................ 125 
vi 
Figure 4.24 Minimum spanning tree of treatment clustering according to similarities in the 3 year 
mean %RMD ofDFAA species ....................................................................................................... 126 
Figure 4.25 Biplot showing association of the 3 year mean %RMD of DFAA species with 
lysimeters ................................................................................... , .................................................... 127 
Figure 4.26 Graph of unit scores(+) and group mean scores (•) resulting from canonical variates 
analysis of yearly means of %RMD DFAA of lysimeters. Circles represent the 95 % confidence 
region of the group means. Radius calculated as 2.4 I ..Jn, where n = number of levels within a 
group ............................................................................................................................................... 129 
Figure 4.27 Plot of the scores for the first two components (PCP 1, PCP 2) from principle 
components analysis of the DFAA from treatments and TAA of grassland constituents. (ZU =zero 
N undrained, ZD = zero N drained, CU = Conventional N undrained, CD = Conventional N drained, 
GCD = Grass/clover drained, bio = biomass, clo = clover, fun = fungi, ryg = ryegrass, gb = general 
bacteria, liw =livestock wastes, sb =soil bacteria, som =soil organic matter) .............................. 131 
Figure 4.28 Matrix of correlation coefficients (r) between individual %RMD DFAA ........................ 132 
Figure 4.29 Means of lysimeter total DCAA concentrations for the sampling periods (a) 1998-99, (b) 
1999-00, (c) 2000-01. Vertical lines represent s.e .......................................................................... 134 
Figure 4.30 Mean DCAA concentrations (nM) in water samples taken during winter (a) 1998-99 (n 
= 112), (b) 1999-00 (n = 88), (c) 2000-01 (n = 232). Vertical lines represent s.e ........................... 136 
Figure 4.31 Rug plot showing the distribution of all the DCAA concentration data ........................ 138 
Figure 4.32 Log mean DCAA concentrations within treatments (a) 1998-99, (b) 1999-00, (c) 2000-
01 (CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, 
ZD =Zero N drained, ZU =Zero N undrained, vertical lines represent positive s.e. only) ............. 140 
Figure 4.33 Mean %RMD of DCAA for 432 samples. Vertical lines represent positive s.d. only ... 141 
Figure 4.34 DCAA mean %RMD. (a) 1998-99, (b) 1999-00, (c) 2000-01, (CD = Coiwentional N 
drained; CU = Conventional N undrained; GCD = Grass/clover drained; ZD = Zero N drained; ZU = 
Zero N undrained, vertical lines represent s.e.) .............................................................................. 142 
Figure 4.35 Means of 3 years DCAA %RMD, (CD = Conventional N drained; CU = Conventional N 
undrained; GCD = Grass/clover drained; ZD = Zero N drained; ZU = Zero N undrained, vertical 
lines represent s.e.) ........................................................................................................ :., .............. 143 
Figure 4.36 DCAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 1998-99, (x = ZNU, • = ZND) ...................................................... : .............. 144 
Figure 4.37 DCAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 1998-99, ( • = GCDa, x = GC Db) .................................... 145 
Figure 4.38 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1998-99, (x = CUb, • = CUa) ........................ 146 
Figure 4.39 DCAA %RMD in water samples from the two lysimeters in the Conventional N drained 
treatment for the winter drainage period 1998-99, (x =COb, • = CDa) .......................................... 147 
Figure 4.40 DCAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 1990-00, (x = ZNU, • = ZND) ..................................................................... 148 
Figure 4.41 DCAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 1999-00, ( • = GCDa, x = GCDb) .................................... 149 
Figure 4.42 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1990-00, (x = CUa, • =CUb) ........................ 150 
Figure 4.43 DCAA %RMD in water samples from the two lysimeters in the Conventional N drained 
treatment for the winter drainage period 1999-00, (x = CDa, • = CDb) .......................................... 151 
Figure 4.44 DCAA %RMD in water samples from the two lysimeters in the Zero N treatment for the 
winter drainage period 2000-01, (x = ZNU, • = ZND) ..................................................................... 152 
Figure 4.45 DCAA %RMD in water samples from the two lysimeters in the Grass/clover drained 
treatment for the winter drainage period 2000-01, (• = GCDa, x = GCDb) .................................... 153 
vii 
Figure 4.46 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 2000-01, (x = CUa, • =CUb) ........................ 154 
Figure 4.47 DCAA %RMD in water samples from the two lysimeters in the Conventional N drained 
treatment for the winter drainage period 2000-01, (x = CDa, • = CDb) .......................................... 155 
Figure 4.48 Mean %RMD of DCAA species grouped by the acid-base property of their side chain. 
Vertical lines represent s.e. oooooooooooooooooooooooooooooooooooooo .. oo .. oo.ooo·oooooooooo·oo.oo.o.oooo····ooooooo·ooooooooooooooooooooo .. 157 
Figure 4.49 Mean %RMD of DCAA species grouped by the polarity of their side chain. Vertical lines 
represent s.e. oooooooooooooooooooo.ooooooooooooooooooo.ooooooooo···oo·oooooooooooooooooooooooooooooooooooooooooooooooooooo.oooo·••oooo···oo·oo·· 158 
Figure 4.50 Dendogram of lysimeter clustering based on annual %RMD DCAA means. (_ Y1 = 
1998-99, _ Y2 = 1999-00, _ Y3 = 2000-01). OOoo·oo·ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo161 
Figure 4.51 Dendogram of lysimeter clustering of 3 year %RMD DCAA meansoooo·oooooooooooooooooooooo.162 
Figure 4.52 Minimum spanning tree of lysimeter clustering according to similarities in DCAA 
%RMD. ooooooooooooooo.oooo.ooo.ooooo·oooooo·oo·oo••oooooooooooooooooooooooooooooooooooooo···oooooooooooooooooooooooooooooooooooooooooo.oooo ... oo .. 163 
Figure 4.53 Biplot showing association of the 3 year mean %RMD of DCAA species with 
lysimeters .. 00000000.00 oooo. oo ... 0000 ... oooo.oo.oo ... 00000 0000 000 0000000000000000000 00.000000 oooo .. 00 oo .. 00000.0000000000.0000 0000000 00 oo· 000000 00 164 
Figure 4.54 Graph of unit scores (+)and group mean scores (•) resulting from canonical variates 
analysis of yearly means of %RMD DCAA of lysimeters. Circles represent the 95 % confidence 
region of the group means. Radius calculated as 2.4 I ~n. where n = number of levels within a 
group. OOOO···oooo····ooooooooooooooooooooooooooooooooooooooooooo.oooooooo .... oo .. oo .. oo.oooooooooooooooooooooooooooooooooooooo.oooo ... oooo ..... oooo.166 
Figure 4.55 Plot of the scores for the first two components (PCP 1, PCP 2) from principle 
components analysis of the DCAA from treatments and TAA of grassland constituents. (ZU =zero 
N undrained, ZD =zero N drained, CU =Conventional Nundrained, CD= Conventional N drained, 
GCD = Grass/clover drained, bio = biomass, clo = clover, fun = fungi, ryg = ryegrass, gb = general 
bacteria, liw =livestock wastes, sb =soil bacteria, som =soil organic matter). ooooooooooo.oooooooOOooOOoooo168 
Figure 4.56 Matrix of correlation coefficients (r) between individual DCAA-%RMD .. 00:.00:00.:00.0000000169 
Figure 4.57 Mean ratios of DCAA: DFAA concentration. Vertical lines represent s.e. 000000000000000000170 
Figure 4.58 Mean %RMD of DFAA (x) and DCAA (•) for the winter drainage period 1998-99. 0000171 
Figure 4.59 Mean %RMD of DFAA (x) and DCAA ( •) for the winter drainage period 1999-00. 0000 172 
Figure 4.60 Mean %RMD of DFAA (x) and DCAA ( •) for the winter drainage period 2000-01. 00 00 173 
Figure 4.61 Means of all the individual DFAA (grey) and DCAA (clear) %RMD data for the 3 years. 
Vertical lines represent s.e.ooooooooo·oo•·oooo·ooooo·oooo·oooooooooooooooooooooo.oooo .. oooo··oo·oo·ooooo······oooooooooooooo•••oooooooooo174 
Figure 4.62 Mean percentage contribution of DFAA to DON (clear bars) and DOG (grey bars). 
Vertical lines represent s.e ..... 00 0000.00 .. ooOO ... oo ... 000 .. oooo·. 000 00 .. 00000 0000 0000 00 00000 .. 0000. OOooOO 0000 .. 000. ·oo ... 000 00 00.00000 00 176 
Figure 4.63 Mean percentage contribution of DCAA to DON (clear bars) and DOG (grey bars). 
Vertical lines represent s.e. OO·······oooo·ooooooo·oo····oo···oooooooooooooooooooooo.oo .... oooo.oooo···oooooooooooooooooo···oo···ooooooooo177 
Figure 4.64 Rainfall (bars) and mean flow rate though weir (line) during a storm event (vertical lines 
represent s.d., n = 3). oooooooo.oooooooooooooOOOOooOOOOoooooooooooooooooooooooooooooooooooooo.oooooooooooooooooooooooooooooooo·oooo•ooooooooo 179 
Figure 4.65 (a) DOG (+)and (b) DON (x) concentration against flow rate (•). oo.ooooooo00o00oooo00oo0000oo00180 
Figure 4.66 Individual DFAA concentration and flow rate of water during a storm event..oooooooooooo.181 
Figure 4.67 Individual DCAA concentration and flow rate of water during a storm event. 000000000000. 183 
Chapter 5 
Figure 5.1 Relative distribution of TAA in extracts following 6 N HCI hydrolysis of air-dried soils of 
different textural class. (Data from Chen et al., 1977; Goh and Edmeades, 1979; Beavis and Mott, 
1999 ; vertical lines represent s.d. where applicable). OOOOOOOOOOOOOOOOOOoooOOooooooooooooooooooOOOOooooooooooooooooooooooo 197 
Figure 5.2 Relationship between mean drainage volumes of silly clay(+), clay loam (•), sandy loam 
(A.) and sandy (•) soil with rainfall (columns). Vertical lines represent s.e. only. 00000000000000000000000000204 
viii 
Figure 5.3 Relationship between mean total DFAA concentration and drainage (broken line) for 
each soil type (a) silly clay, (b) clay loam, (c) sandy loam, (d) sandy. (Vertical lines represent 
positive s.d. only, n = 4 for each event) .......................................................................................... 207 
Figure 5.4 Mean individual DFAA concentrations for silly clay (black), clay loam (hashed), sandy 
loam (clear) and sandy (grey) soil. Vertical lines represent s.e ...................................................... 209 
Figure 5.5 DFAA %RMD means for silly clay (black), clay loam (hashed), sandy loam (clear) and 
sandy (grey) soil. Vertical lines represent s.e ................................................................................. 210 
Figure 5.6 %RMD of DFAA grouped according to charge of their side chain, (acidic = solid, basic = 
clear, neutral= grey, vertical lines represent s.e.) .......................................................................... 211 
Figure 5.7 Graph of unit scores (+) and group mean scores (x) resulting from canonical variates 
analysis of the mean %RMD DFAA for each soil type .................................................................... 212 
Figure 5.8 Biplot of the association of mean %RMD DFAA data with soil type, (cl =clay loam, se= 
silly clay, si= sandy loam, s = sandy) ........................................................................................... ,.213 
Figure 5.9 Mean concentration of DFAA in rainfall, (vertical lines represent positive s.d. only; n = 9) 
......................................................................................................................................................... 215 
Chapter 6 
Figure 6.1 DOC (• ) and DON ( •) concentrations for the sampling period .................................... 224 
Figure 6.2 Total DFAA concentration (broken line) and water temperature (solid line) .................. 225 
Figure 6.3 Regression of total DFAA concentration with water temperature .................................. 226 
Figure 6.4 Total DFAA (A.) and NH;-N (•) ............................................................................. .' ..... 227 
Figure 6.5 Regression of total DFAA concentration with NH4 ·-N ................................................... 227 
Figure 6.6 Total DFAA concentration (broken line) against flow rate (solid line) ............................ 228 
Figure 6.7 Mean DFAA concentrations in River Taw samples ....................................................... 228 
Figure 6.8 Individual DFAA concentration profiles over the sampling period with flow rate ........... 229 
Figure 6.9 Percentage RMD of DFAA in the River Taw (clear bars) and waters from the Rowden 
Drainage Experiment (solid bars). Vertical lines represent s.e ........................................................ 231 
List of Tables 
Chapter 1 
Table 1.1 Grouping of commonly occurring amino acid compounds according to the charge and 
polarity of their side chain and the upper and lower case 3 letter abbreviations used to denote them 
in this study, (*=amino acids not included in this study) ................................................................... 6 
Table 1.2 Median and range of DTAA concentration. Data converted from Thurman (1985) .......... 45 
ix 
Chapter 2 
Table 2.1 Repeatability of results obtained for the analysis of 5 replicates each containing 312.5 
picomoles of 15 amino acids in a standard solution and lower limit of detection, (cv =coefficient of 
variation) ............................................................................................................................................ 59 
Table 2.2 Repeatability of results obtained for the analysis of 5 replicates each containing 3.125 
picomoles of 15 amino acids in a standard solution and lower limit of detection, (cv = coefficient of 
variation) ............................................................................................................................................ 60 
Table 2.3 Values of I for linearity of concentration versus fluorescent response over 2 different 
ranges of concentration (n = 5) ......................................................................................................... 62 
Table 2.4 Theoretical amount of amino acid in a 1.39 x 10·6 g ml"1 aqueous solution of BSA 
calculated from Haurowitz, 1950; % recovery following acid hydrolysis (%cv = correlation 
coefficient) ......................................................................................................................................... 66 
Table 2.5 Summary of the techniques used for the analysis of amino acids, nitrogen and carbon. 70 
Chapter 3 
Table 3.1 Soil profile characteristics for the Halls worth series. Adapted from Harrod, (1981 a) ....... 73 
Table 3.2 An example of the typical physical and chemical properties for the Hallsworth Series 
(Burrows Park, North Wyke). Adapted from Harrod, (1981 b), (n/a = data not available/applicable) 
........................................................................................................................................................... 74 
Table 3.3 Drainage volume for each winter period ........................................................................... 79 
Table 3.4 Details of the agronomic management changes of the Rowden Drainage Experiment, 
(BNMP= Best Nitrogen Management Practice) ................................................................................ 80 
Chapter 4 
Table 4.1 Mean concentrations of inorganic N and organic N and C for 1989-99 winter drainage 
samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover drained, CU = 
Conventional N undrained, CD = Conventional N drained; standard errors in parenthesis; n = 
number of samples) .......................................................................................................................... 87 
Table 4.2 Mean concentrations of inorganic N and organic N and C for 1999-00 winter drainage 
samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover drained, CU = 
Conventional N undrained, CD = Conventional N drained; standard errors in parenthesis; n = 
number of samples) .......................................................................................................................... 88 
Table 4.3. Mean concentrations of inorganic N and organic N and C for 2000-01 winter drainage 
samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover drained, CU = 
Conventional N undrained, CD = Conventional N drained; standard errors in parenthesis; n = 
number of samples) .......................................................................................................................... 88 
Table 4.4 Mean and range of total DFAA concentration for each drainage period (n = number of 
samples) ............................................................................................................................................ 93 
Table 4.5 Treatment means and range of total DFAA concentrations (n =number of samples) ..... 93 
Table 4.6 Summary of DFAA concentrations (nM) in water samples for the 3 years collectively, 
(s.d. = standard deviation, %cv = coefficient of variation, n = 432) .................................................. 98 
Table 4.7 Ranking of DFAA based on the mean concentration for each year of sampling and 
overall mean of the 3 years (n = 112 for 1998-99, n = 88 for1999-00; n = 232 for 2000-01 ) ........... 99 
X 
Table 4.B Results of ANOVA of individual DFAA %RMD between pairs (a, b) of lysimeters within 
treatments. (CU = conventional undrained, CD = conventional drained, GCD = grass/clover 
drained, lsd = least significant difference; %cv = coefficient of variation; sig. diff.= significant 
difference) ....................................................................................................................................... 11B 
Table 4.9 Correlation coefficient results (Pc and Cb) from Lin's concordance analysis for similarity of 
DFAA distribution from lysimeters within treatments. ZND = Zero N drained, ZNU = Zero N 
undrained, GCDa and GCDb = Grass/clover drained, CUa and CUb = Conventional N undrained, 
CDa and COb= Conventional N drained, n = 112 (199B-99). n =BB (1999-00), n = 232 (2000-01)) 
......................................................................................................................................................... 122 
Table 4.10 Classification of lysimeters based on patterns of %RMD DFAA from discriminant 
analysis ........................................................................................................................................... 12B 
Table 4.11 Classification of 'unknown' DFAA samples resulting from discriminant analysis ......... 130 
Table 4.12 Mean and range of total DCAA concentration for each drainage period (n = number of 
samples) .......................................................................................................................................... 133 
Table 4.13 Means and range of total DCAA concentrations (n =number of samples) .................. 133 
Table 4.14 Summary of individual DCAA concentrations (nM) in water samples for the 3 years 
collectively ( n = 432) ....................................................................................................................... 137 
Table 4.15 Ranking of DCAA based on the mean concentration for each year of sampling and 
overall mean of the 3 years ............................................................................................................. 13B 
Table 4.16 Results of ANOVA of individual DCAA %RMD between pairs (a, b) of lysimeters within 
treatments. (CU = conventional undrained, CD = conventional drained, GCD = grass/clover 
drained, lsd = least significant difference; %cv = coefficient of variation; sig. diff.= significant 
difference, n = 1 OB) ........................................................................................................................ 156 
Table 4.17 Correlation coefficient results (Pc and Cb) from Lin's concordance analysis for similarity 
of DCAA distribution from lysimeters within treatments. ZND = Zero N drained, ZNU = Zero N 
undrained, GCDa and GCDb = Grass/clover drained, CUa and CUb = Conventional N undrained, 
CDa and COb= Conventional N drained, n = 112 (199B-99), n =BB (1999-00), n = 232 (2000-01 )) 
......................................................................................................................................................... 160 
Table 4.1B Classification of lysimeters based on patterns of DCAA %RMD from discriminant 
analysis ( n = 3) ............................................................................................................................... 165 
Table 4.19 Classification of 'unknown' DCAA samples resulting from discriminant analysis (n = 3) 
......................................................................................................................................................... 1~ 
Table 4.20 Mantel correlation coefficients (r) for degree of association between similarity matrices 
of DFAA and DCAA %RMD profiles (n = 112 (199B-99). n =BB (1999-00), n = 232 (2000-01 ) ..... 175 
Table 4.21 Number of observations for DFAA and DCAA species ................................................. 176 
Table 4.22 Correlation coefficients (r) of total DFAA, total DCAA, DON and DOC concentrations (n 
= 432) .............................................................................................................................................. 17B 
Table 4.23 Summary of individual DFAA concentrations (nM) and correlation coefficients (r) with 
flow rate (n = 11) ............................................................................................................................. 1B2 
Table 4.24 Summary of individual DCAA concentrations (nM) and correlation coefficients (r) with 
flow rate (n= 11 ) .............................................................................................................................. 1B3 
Chapter 5 
Table 5.1 Description of the soil types in the monolith lysimeters .................................................. 200 
Table 5.2 Textural properties of the four soil types in the monolith lysimeters ( 0- 30 cm) ........... 200 
Table 5.3 History of agronomic and nutrient management of the lysimeters since their 
establishment .................................................................................................................................. 202 
Table 5.4 Mean DOC and DON concentrations and DOC : DON ratios (n = 36) ........................... 204 
xi 
Table 5.5 Mean and range of total DFAA concentrations (nM) for each soil type, (s.d. = standard 
deviation, s.e. =standard error, %cv =coefficient of variation, n = 36) .......................................... 205 
Table 5.6 Contribution(%) of DFAA to DOG and DON (s.e. in parenthesis) ................................. 205 
Table 5.7 Mean and range of individual DFAA concentrations, (s.d. = standard deviation, s.e. = 
standard error, %cv =coefficient of variation, n = 144) .................................................................. 208 
Table 5.8 Log mean and natural (italicized) mean individual DFAA concentration (nM) between the 
4 soil types, (lsd = least significant difference, sig. dill. = significant difference, ns = no significant 
difference, •• = p <0.05, ••• = p <0.001, n = 36) ............................................................................ 209 
Table 5.9 Correlation coefficients (r} of replicate mean %RMD with soil textural properties .......... 214 
Chapter 6 
Table 6.1 Summary of total DT AA concentrations (~M) for some of the world's major rivers. Data 
taken from lttekot et al. (1982) and adapted using the approximate conversion of 100 ug r1 = 1 ~M. 
n= number of samples) ................................................................................................................... 219 
Table 6;2 Correlation coefficients (r} of total DFAA concentration with other physical and chemical 
parameters ...................................................................................................................................... 225 
Table 6.3 Correlation coefficients (r} for selected individual DFAA with chemical and physical 
variables (n = 144) .......................................................................................................................... 230 
Chapter 7 
Table 7.1 Inputs and potential outputs of N (kg N ha·1 yr"1) for treatments on the Rowden Drainage 
Experiment (ZU = zero N undrained, ZD = zero N drained, GCD = grass/clover drained, CU = 
conventional N undrained; CD = conventional N drained; s.e in parentheses; n = 14; n/a = not 
available; t =estimated) ................................................................................................................. 240 
Table 7.2 Potential output of DOG (kg C ha·1 yr"1) from treatments on the Rowden Drainage 
Experiment (ZU = zero N undrained, ZD = zero N drained, GCD .= grass/clover drained, CU = 
conventional N undrained; CD= conventional N drained; s.e. in parentheses; n = 14) ................. 243 
Appendix A 
Table A.1 Some physical and chemical properties of 15 commonly occurring amino acids. t taken 
from (Lehninger, 1975) .................................................................................................................... 246 
Appendix B 
Table 8.1 Summary of 1998-99 DFAA concentrations (nM), (s.d.= standard deviation, %cv = 
coefficient of variation; n = 112) ...................................................................................................... 247 
Table 8.2 Summary of 1999-00 DFAA concentrations (nM), (s.d.= standard deviation, %cv = 
coefficient of variation; n = 88) ........................................................................................................ 247 
Table 8.3 Summary of 2000-01 DFAA concentrations (nM), (s.d.= standard deviation, %cv = 
coefficient of variation; n = 232) ...................................................................................................... 248 
Table 8.4 Results of ANOVA of 1998-99 mean log DFAA concentrations (nM) between treatments 
(CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD 
= Zero N drained, ZU = Zero N undrained, lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant, • = p <0.05, •• = p <0.01, ••• = p <0.001 ) ........................................ 249 
xii 
Table 8.5 Results of ANOVA of 1999-00 mean log DFAA concentrations (nM) between treatments 
(CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD 
= Zero N drained, ZU = Zero N undrained, lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant,*= p <0.05, •• = p <0.01, ••• = p <0.001) ........................................ 249 
Table 8.6 Results of ANOVA of 2000-01 mean log DFAA concentrations (nM) between treatments 
(CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, ZD 
= Zero N drained, ZU = Zero N undrained, lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant) .......................................................................................................... 250 
Table B.? Summary of mean DFAA %RMD data for 432 samples (s.d. =standard deviation, s.e. = 
standard error, %cv = coefficient of variation) ................................................................................ 250 
Table 8.8 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in the 
Conventional N undrained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant, • = p <0.05) ...................................................................................... 251 
Table 8.9 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in the 
Conventional N drained treatment (lsd = least significant difference, %cv = coefficient of variation, 
ns =not significant,·= p <0.05, •• = p <0.01) ................................................................................ 252 
Table 8.10 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in the 
Grass/clover drained treatment (lsd = least significant difference, %cv = coefficient of variation, ns 
= not significant, • = p <0.05) .......................................................................................................... 253 
Table 8.11 Output from discriminant analysis of DFAA %RMD: Mahalanobis distances .............. 254 
Table 8.12 Output from discriminant analysis of DFAA %RMD: Latent Vectors ............................ 254 
Table 8.13 Output from discriminant analysis of DFAA %RMD: Group means ............................. 255 
Table 8.14 Output from discriminant analysis of DFAA %RMD: Unit scores ................................. 255 
- - - --- -
Table 8.15 Summary of 1998-99 DCAA concentrations (nM), (s.d. =standard deviation, %cv = 
coefficient of variation; n = 112) ...................................................................................................... 256 
Table 8.16 Summary of 1999-00 DCAA concentrations (nM), (s.d. = standard deviation, %cv = 
coefficient of variation; n = 88) ........................................................................................................ 256 
Table 8.17 Summary of 2000-01 DCAA concentrations (nM), (s.d. =standard deviation, %cv = 
coefficient of variation; n = 232) ...................................................................................................... 257 
Table 8.18 Results of ANOVA of 1998-99 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover 
drained, ZD = zero N drained, ZU = zero N undrained, lsd = least significant difference, %cv = 
coefficient of variation, ns =not significant, • = p <0.05, ** = p <0.01, ••• = p <0.001 ) ................... 258 
Table 8.19 Results of ANOVA of 1999-00 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover 
drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant difference, %cv = 
coefficient of variation, ns =not significant, • = p <0.05, •• = p <0.01, ••• = p <0.00) ..................... 258 
Table 8.20 Results of ANOVA of 2000-01 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover 
drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant difference, %cv = 
coefficient of variation, ns =not significant,*= p <0.05, •• = p <0.01, ••• = p <0.001 ) ................... 259 
Table 8.21 Summary of mean DCAA %RMD data for 432 samples (s.d. =standard deviation, s.e. 
=standard error, %cv =coefficient of variation) ............................................................................. 259 
Table 8.22 Results of ANOVA of individual DCAA %RMD between pairs of lysimeters in the 
Conventional N undrained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant) .......................................................................................................... 260 
Table 8.23 Results of ANOVA of individual DCAA %RMD between pairs of lysimeters in the 
Conventional N drained treatment (lsd = least significant difference, %cv = coefficient of variation, 
ns =not significant,*= p <0.05) ..................................................................................................... 261 
xiii 
Table 8.24 Results of ANOVA of individual DCAA %RMD between pairs of lysimeters in the 
Grass/ciover drained treatment (lsd = least significant difference, %cv = coefficient of variation, ns 
=not significant,*= p <0.05, ** = p <0.01, *** = p <0.001) ............................................................. 262 
Table 8.25 Output from discriminant analysis of DCAA %RMD: Mahalanobis distances .............. 263 
Table 8.26 Output from discriminant analysis of DCAA %RMD: Latent Vectors ........................... 263 
Table 8.27 Output from discriminant analysis of DCAA %RMD: Group means ............................. 264 
Table 8.28 Output from discriminant analysis of DCAA %RMD: Unit scores ................................. 264 
Table 8.29 Relative distribution of amino acids in various components of a grassland system .... 265 
Appendix C 
Table C.1 Data for physical variables measured during the River Taw study ................................ 266 
Table C.2 Data for chemical variables measured during the River Taw study ............................... 267 
List of Plates 
Chapter 3 
Plate 3.1 Aerial view of the Rowden Drainage Experiment (highlighted in white). Taken spring 
1999. ···········································································································································'·····72 
Plate 3.2 Photograph of the weirs servicing the surface and subsurface lateral runoff to a depth of 
30 cm (left) and drainage to 85 cm (right) from a mole and tile drained lysimeter ........................... 77 
Plate 3.3 Photograph of V-notch outflow .................................................................. : ....................... 78 
Plate 3.4 View of head recording device ........................................................................................... 78 
Plate 3.5 Inlet pipe to weir from where the water samples were collected ....................................... 83 
Plate 3.6 Photograph showing the humic substances collected on 0.2 IJm filter papers alter the 
filtering of samples following freeze drying ....................................................................................... 84 
Chapter 5 
Plate 5.1 Surface view of the monolith lysimeters on the Little Burrows site .................................. 201 
Plate 5.2 View inside the underground chamber which houses the monolith lysimeters showing the 
outlet pipes and containers for the collection of water draining freely under gravity ...................... 201 
Chapter 6 
Plate 6.1 Section of an Ordinance Survey map showing the location and proximity to the Rowden 
Moor Drainage Experiment of the sampling point (Weir) on the River Taw .................................... 222 
xiv 
Plate 6.2. Photograph showing the site of sample collection at the River Taw and the floating 
pontoon containing the N03. electrode, and temperature and pH sensors ..................................... 222 
List of Equations 
Chapter 1 
Equation 1.1 Determination of isoelectric point of amino acids with non-ionising R groups, (pk1 and 
pk2 =dissociation constants) ............................................................................................................... 5 
Equation 1.2 Ionisation of an amino acid with pH ............................................................................... 5 
Chapter 4 
Equation 4.1 Calculation of% relative molar distribution .................................................................. 89 
XV 
Abbreviations and Acronyms 
AA-N Amino acid nitrogen 
ABA a-Amino butyric acid 
BNMP Best nitrogen management practice 
BSA Bovine serum albumin 
c Carbon 
CAA Combined amino acid(s) 
CYS Cystine 
DAPA Diaminopimelic acid 
DCAA Dissolved combined amino acid(s) 
DFAA Dissolved free amino acid(s) 
DOC Dissolved organic carbon 
DON Dissolved organic nitrogen 
FAA Free amino acid(s) 
GABA y-Amino butyric acid 
ha hectare 
h Hour(s) 
IAA Individual amino acid(s) 
kg Kilogram(s) 
I Litres 
LMW Low molecular weight 
lsd Least significant difference 
mg Milligram(s) 
m in Minute(s) 
N Nitrogen 
nM Nanomolar 
NMR Nuclear Magnetic Resonance 
oc Organic carbon 
OM Organic matter 
ON Organic nitrogen 
OPA o-pthaldialdehyde 
Pa Pascal(s) 
PLFA Phospholipid fatty acids 
pmol Picomole(s) 
pp m Parts per million 
s Second(s) 
s.d. Standard deviation 
s.e. Standard error 
SOM Soil organic matter 
TAA Total amino acid(s) 
TDAA Total dissolved amino acid(s) 
TN Total nitrogen 
w/w Weight for weight 
yr Year 
%cv Coefficient of variation 
IJg Microgram(s) 
IJm Micron 
iJM Micromolar 
1-1mol Micromole( s) 
xvi 
Acknowledgements 
I would most of all like to thank both Professor David Scholefield (IGER) and Dr. Jim 
Braven (University of Plymouth) for their invaluable guidance, advice, wisdom, support, 
friendship and endless patience in the preparation of this thesis. I would also like to thank 
IGER for allowing me the opportunity to undertake these studies on a part time basis. 
Thanks go to others who have helped in various ways: Elizabeth Williams for occasional 
help with some of the analytical work, Andrew Bristow for help with calculations and 
method development, and Mel Leonard for managing to obtain some obscure references 
for me. I am indebted to Dr. Dan Dhanoa for his invaluable statistical knowledge and 
advice with multivariate analysis techniques. 
Thanks especially go to Elaine Jewkes for proof reading this thesis, for g1v1ng me 
encouragement, and for keeping me sane. Thanks go to Lorna Brown and to Laura 
Cardenas for their advice, encouragement and willingness to listen to my whingeing. 
Thanks also to all my fellow PhD students (Pete Whitehead, Neil Preedy, Julian Greaves, 
Marianne Mchugh, Mathew Shepherd, Mathew Clark, Dan McCrory, Marta Alfaro, 
Francisco Salazar, Fiona Wood, and Carly Kenny) for moral support, and who came .and 
went during the 6 long years it's taken me to complete mine! Thanks also go to Bob 
Clements in his supportive role as Departmental Student Tutor. 
Thank you to my little dog, Lilly, who has waited so patiently for me during the long days 
whilst writing up. 
Very special thanks go to my mother for her endless love, friendship and encouragement. 
I would like to dedicate this work to the memory of: 
David Webber (1957 -1989) 
and my dear father: 
Frank Every Bobart Hawkins (1907-1995) 
xvii 
Authors Declaration 
At no time during the registration for the degree of Doctor of Philosophy has the author 
been registered for any other University award. This study was carried out at the Institute 
of Grassland and Environmental Research Institute, North Wyke, Okehampton. 
Relevant scientific seminars and conferences were attended at which the work listed 
below was presented. 
Hawkins, J. M. B. and Scholefield, D. (1999) Dissolved free amino acids in surface lateral 
drainage from grazed grassland. Proceedings of the 1 01h Nitrogen Workshop, 
Copenhagen, Denmark. 
Hawkins, J M. B. Scholefield, D. and Braven, J. (1999) Amino acids as diagnostics of soil 
and soil water quality. Internal seminar: IGER, North Wyke, Okehampton, Devon. 
Hawkins, J. M. B., Scholefield, D., and Bol, R. (1998) The potential of amino acid 
distributions as diagnostics of soil quality. Ecological Aspects of Grassland Management, 
Proceedings of the 171h General Meeting of the European Grassland Federation, 
Debrecen Agricultural University, Debrecen, Hungary (Eds: Nagy, G., Peto, K.,), 555-558. 
Various relevant training course were undertaken during this study and are listed below. 
HPLC training course- HPLC Technology Company Ltd, Macclesfield, 1998 
Advanced Microsoft Word - Dependon IT Training, Bristol, 2000 
Advanced Excel - Dependon IT Training, Bristol, 2000 
Endnote, 2001 
Visual Basic, 2001 
Managing Health and Safety, 2002 
Bioinformatics, 2002 
Signed---
16~  N::x:JJ. Date--------------------------------------------:11!-f-'-----
xviii 
University of Plymouth 
IGER North Wyke 
Chapter 1: Introduction and literature review 
1.1 Overview 
This introductory chapter starts with a background to and rationale for the studies in this 
thesis. A brief outline of the chemical and physical properties of amino acids follows, 
which leads on to a review of the current knowledge of amino acids in soils from 
predominantly agricultural settings, with an emphasis on grazed grassland systems where 
possible. A review of some of the literature for analogue terrestrial systems such as 
natural/semi natural landscapes and forestry, together with that for aqueous environments 
has also been included in order to help fill gaps in the knowledge. 
The chapter finishes by stating the aims, objectives and hypotheses of this project 
together with an outline of the thesis structure. 
1.2 Setting the scene 
Given the current movement towards more sustainable agricultural systems, there is an 
increasing need for reliable indicators of soil and soil water quality. Soil quality can be 
defined as: 
"the capacity of soil to function within ecosystem boundaries to sustain biological 
productivity, environmental quality, and promote plant and animal health" (Doran and 
Parkin, 1994) 
Indicators of soil quality can encompass many different aspects, ranging from the 
molecular level up to whole plant and animal production. Since the soil is a complex 
medium, no one aspect can be expected to determine what constitutes quality; rather, 
several kinds of observation are required at different scales, places and time. 
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An important area for research has been that of soil organic matter (SOM), as it occupies 
a pivotal role in determining soil properties, which is discussed more fully in section 1.4.1. 
In particular, there is a requirement for diagnostic tools and methods that can help 
develop the current understanding of the interaction of microbial processes with SOM, in 
conjunction with soil physical states. Determination of the factors affecting the amount and 
patterns of distribution of the amino acid fraction of organic nitrogen (ON) may be one 
such method. In particular, the amount and distribution of dissolved free amino acids in 
soil solutions could prove useful since these can be considered to represent the net result 
of synthesis and decomposition of SOM by microorganisms. 
1.3 Background to studies 
Until recently, very few studies have considered the dissolved organic nitrogen (DON) 
content of waters leaving agricultural soils. This was mainly due to concerns that levels of 
inorganic nitrogen (IN) in the form of nitrate (N03-) exported in waters from agricultural 
land, and in particular grassland, grossly exceeded health and environmental limits 
(Ryden et al., 1984; Haigh and White, 1986). As a result, measurement of DON has been 
largely ignored in nitrogen (N) leaching studies despite the suggestions of Jordan and 
Smith (1985) that as much as 35 % of the total N (TN) leaching from grassland could be 
contained in organic form. Indeed, field-sized (1 ha) lysimeter studies by Hawkins and 
Scholefield (1997, 2000) have shown that between 15 - 60 % of the total dissolved N (5 -
160 kg N ha -1) in surface runoff and drainage waters from grazed grassland soils may be 
DON. Very little work has been done on the contribution of amino acids to DON from 
agricultural soils, particularly those under grassland management. An earlier study by 
Hayes et a/.,(1997), to quantify the amino acid fraction associated with humic and fulvic 
acids in waters obtained from these same lysimeters, indicated that concentrations were 
larger in the hydrolysis products from undrained compared with drained grassland. 
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Even less is known about losses of amino acids due to export in surface runoff and 
leaching waters. Although amino acids may economically represent an insignificant N loss 
from these soils compared with inorganic N, as a readily available N form they can 
contribute to the eutrophication of downstream environments (Tranvik and Jorgensen, 
1995; Lara et al., 1998; Seitzinger et al., 2002). 
In contrast, the role of amino acids and DON in the N cycle of aqueous environments has 
received more interest, extensive reviews of which have been published by Thomas 
(1997) for freshwaters and Thurman (1985) for marine and freshwaters. 1t is increasingly 
recognised that there is a need for more information on the amount and bioavailability of 
DON that is exported from different land uses so that the effects on aqueous ecosystems 
can be predicted (Seitzinger et al., 2002). 
1.4 The chemical and physical properties of amino acids 
Although there are in excess of 100 identified naturally occurring amino acids, only 21 
commonly occur in plant and animal protein hydrolysates. Every amino acid is comprised 
of carbon (C), nitrogen (N), oxygen (0) and hydrogen (H). In addition, a few contain 
sulphur (S). The generalised structural formula for an amino acid is shown in Figure 1.1. 
NH2 
I 
R-C-COOH 
I 
H 
Figure 1 .1 General formula for an amino acid. 
With the exception of proline and hydroxyproline, all proteinaceous amino acids are 
termed alpha or a-amino acids since the amino (-NH2) group is bonded to the a-carbon 
that is also linked to the carboxylic group (-COOH). The R group represents the residual 
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part of the molecule, the composition of which determines the unique properties of each 
amino acid. Glycine is structurally the simplest amino acid since the R group consists of a 
single H atom. When the R group is substituted for a methyl group (-CH3) the amino 
becomes alanine. The R group may also consist of structures containing hydroxyl and 
sulfhydryl groups, and aromatic ring structures. 
When the R group is any molecule apart from H, all four groups attached to the a-carbon 
will be different and the amino acid is said to be asymmetrical, with the a-carbon 
becoming the chiral centre. Asymmetric amino acids occur in two forms known as 
stereoisomers or enantiomers, denoted by a prefix of D- or L-. The two forms are identical 
in chemical formula and structure, but the spatial arrangement of molecules is such that 
the enantiomers are mirror images of, and therefore cannot be superimposed upon, each 
other. 
The difference in spatial arrangement causes D- or L- stereoisomers to exhibit different 
properties. One difference is that of optical activity. When a beam of plane-polarised light 
is passed through a solution of one of the amino acid's stereoisomers, the plane of the 
polarized light is rotated either right (dextro, D-) or left (laevo, L-), according to which 
enantiomer is present. A racemic mixture of the two enantiomers will not rotate the light as 
the opposing optical rotations cancel each other out. 
In nature, amino acids are predominantly present as the L-isomeric form; however, the 
percentage of D-alanine, D-glutamic acid and D-aspartic acid in soil is larger than that of 
other proteinaceous amino acids (Kawaguchi et al., 1976) due to the fact that these D-
amino acids are significant components of bacterial cell wall proteins (Meister, 1965). 
Amino acids are dipolar, as they carry both a positive and negative charge and in a solid 
crystalline state exist as zwitterions, having coo· and H3N+ groups. In solution, each 
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amino acid has its own specific pH at which it will exist in its neutral zwitterion form, 
termed the isoelectric point (pi), which is derived from the following equation (Equation 
1.1 ): 
I 
pk, +pk, p = -'-------'-
2 
Equation 1.1 Determination of isoelectric point of amino acids with non-ionising R groups, 
(pk, and pk2 =dissociation constants). 
The ionisation behaviour of an amino acid (non ionising R group) with pH is illustrated in 
Equation 1.2. 
H' OH 
H3N+CHRCOOH ::::::::::; H3N+CHRCOO-
oH· 
pk, 
Equation 1.2 Ionisation of an amino acid with pH. 
Amino acids are amphoteric in that they can accept and donate protons (W) and therefore 
react both as an acid or a base. Biologically and in soil solution chemistry, this is a useful 
property as amino acids can act as buffers in solutions by accepting protons when pH 
decreases and donating protons when pH increases. 
Some amino acids have more than one -COOH group, carry a net negative charge and 
have acidic properties whilst others have more than one -NH2 group, carry a net positive 
charge and have basic properties. However, the majority of amino acids have one -COOH 
and one -NH2 group and are termed neutral amino acids, as they carry no charge as 
zwitterions. The neutral amino acids can be sub-classified into those that are polar and 
hydrophilic (contain a hydroxyl group), and those that are non-polar and hydrophobic. 
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Table 1.1 gives the acid-base or charge property and polarity class for the 21 most 
commonly occurring amino acids, though only 15 of them were investigated in the studies 
in this thesis. The upper and lower case 3 letter abbreviation that will be used to identify 
the amino acids throughout the rest of this thesis are also included. Further physical and 
chemical properties of the amino acids are given in Appendix A: Table A.1. 
Amino acid Upper case Lower case Charge Polarity abbreviation abbreviation 
Aspartic acid ASP asp acidic negative 
Glutamic acid GLU glu acidic negative 
Histidine HIS his basic positive 
Arginine ARG arg basic positive 
Lysine LYS lys basic positive 
Ornithine' ORN orn basic positive 
Serine SEA ser neutral polar uncharged 
Threonine THR thr neutral polar uncharged 
Tyrosine TYR tyr neutral polar uncharged 
Cysteine' CYS cys neutral polar. uncharged 
Asparagine· ASN asn neutral polar uncharged 
Glutamine' GLN gin neutral polar uncharged 
Glycine GLY gly neutral non-polar 
Alanine ALA ala neutral non-polar 
Methionine MET met neutral non-polar 
Valine VAL val neutral non-polar 
Phenylalanine PHE phe neutral non-polar 
Isoleucine ILE ile neutral non-polar 
Leucine LEU leu neutral non-polar 
Proline' PRO pro neutral non-polar 
Tryptophan· TAP trp neutral non-polar 
Table 1.1 Grouping of commonly occurring amino acid compounds according to the 
charge and polarity of their side chain and the upper and lower case 3 letter abbreviations 
used to denote them in this study, (* =amino acids not included in this study). 
Amino acids are the fundamental structural components of proteins, of which all living 
things are composed. Proteins are constructed from chains or polymers of amino acids 
joined together covalently in peptide bonds, resulting from a condensation reaction 
between the -NH2 group of one amino acid and the -COOH group of another (Figure 1.2). 
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H RI 
H "' I ~0 
+ 
H "' I ~0 
N-e-e 
/ I "' H OH 
N-e-e 
/ I "' H OH 
H R2 
H" i' //~ \ ~ ~ 0 
N- e+e - N+-e-e + H20 / 1 · ... t .... l"' H ·· ............. · OH 
H 1' H R2 
! 
peptide bond 
Figure 1.2 Structure of a peptide bond. 
1.5 Review of the literature 
1.5.1 Amino acids in soil organic matter 
The existence of amino acids in soil has been known since the beginning of the 201h 
century when Suzuki {1908) identified ASP, PRO and ALA in soil hydrolysates. Soon 
after, Schreiner and Shorey (191 0) detected the presence of ARG and HIS in fulvic acid 
fractions and Shorey {1913) found L YS in the organic fraction of soils. 
Soil organic matter consists of the residues of plants, animals and soil microorganisms 
that have undergone varying degrees of decomposition and re-synthesis (Russell , 1973). 
The soil microbial biomass lives in close association with SOM and includes heterotrophic 
decomposer organisms such as bacteria and fungi (Paul and Clark, 1989) which obtain 
their C and N requirements for energy and growth from the breakdown products of 
decomposition (Dickinson and Pugh, 1974). 
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The soil biota also contains a diverse range of heterotrophic animals, including annelids 
(earthworms), nematodes and arthropods (collembolan, termites, mites), that participate in 
a complex soil food web. These animals feed mainly on plant material (living and dead), 
the microorganisms associated with it, or a combination of both (Coleman and Crossley, 
2003) and their mobility also helps in the distribution of OM in the soil. For example, 
earthworms are important in the early stages of OM decomposition. Their activity transfers 
OM from the surface layer to the deeper horizons of the soil, making it more accessible for 
microorganisms. Some of the materials processed by the flora in the gut of earthworms 
may be converted into earthworm biomass, whilst the remainder may be excreted as a 
partially digested substrate for microorganisms. A study of earthworms casts found that 
the total amino acid content was 50 - 100 % greater than that of the surrounding soil. 
Moreover, the free amino acid composition of the casts was very different to that of the 
surrounding soil (Striganova et al., 1989). 
In UK grassland, nematodes numbers range from 2 x106 - 10 x 106 m-2 (Roger Cook, 
pers. comm.). They are omnivorous and feed on a wide range of foods including roots, 
fungi and bacteria, the latter of which can result in an increase in N turnover (Anderson et 
al., 1983). Collembola are also omnivorous and feed on live plant material and nematodes 
but are thought to mainly feed on fungi associated with the root zone of plants (Adl, 2003; 
Coleman and Crossley, 2003). 
SOM is generally regarded to consist of 3 distinct fractions which represent the 
decomposition stages of parent materials: 
1. Macroscopic material consisting of partially degraded, and to a certain extent 
identifiable, fragments of plant, animal and microbial origin. 
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2. Soluble and analytically determinable metabolic products and compounds resulting 
from degradation of the macroscopic fraction, such as carbohydrates, proteins and 
amino acids. 
3. Humic substances comprised of amorphous complex structures resulting from the 
reactions of aromatic compounds with other decomposition products, including 
amino acids, and which are largely resistant to further microbial degradation. This 
humic fraction can be subdivided into substances that are either soluble in acid 
(fulvic ) or are insoluble in acid but soluble in alkali (humic) or are non-reactive 
(humin). 
Microbial decomposition of SOM, known as mineralization, results in the transformation of 
organic N into mineral N in the form of ammonium (NH/). Proteins are hydrolyzed to 
peptides by proteases and peptidases and are eventually degraded to their original amino 
acid constituents and then finally to NH4 • or ammonia (NH3), in a process known as 
ammonification. Further transformation of soil NH4 • may take place through microbial 
oxidation to N03. by nitrifying bacteria in a process known as nitrification (Bremner and 
Black mer, 1981 ). 
Energy, in the form of C compounds produced from decomposition enables decomposer 
organisms to assimilate or immobilise NH4 • into cellular organic components. The net 
accumulation or mineralization of NH4 • in soil depends on the N requirement for microbial 
growth coupled with C availability. The quality of substrate is an important factor 
determining the rate of decomposition and accumulation of SOM in soil. The critical C : N 
ratio of a substrate for net N mineralization to occur is <25 - 30 (Harmsen and van 
Schreven, 1955). A greater ratio than this results in net N immobilisation. Thus, net 
mineralization adds to available soil N whereas net immobilisation depletes it. Annually, lt 
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has been estimated that only about 2 - 3 % of the N in SOM is released as inorganic N 
(Brady and Weil, 1999). 
As well as quality and quantity of substrate, the population and activity of microorganisms 
are affected, both daily and seasonally, by a range of other factors including soil 
temperature, moisture, 0 2 , and pH (Paul and Clark, 1989). 
Although autotrophic organisms can generate their own C supply by photosynthesis, they 
have to satisfy their N requirements through uptake of either NH4 + or N03. from soil 
(Russell, 1973). In order to maintain productivity in an agricultural setting, such as 
grassland, it is necessary to supplement the native N released from mineralization with 
inorganic fertilizer N inputs. Observations made on the apparent increased uptake of 
native soil N by grass receiving 15N tagged fertilizers led to the conclusion that rate of net 
mineralization of SOM is enhanced by fertilizer addition. However, the occurrence of this 
often called 'priming' effect has been disputed (Jansson and Persson, 1982; Jenkinson et 
al., 1985; Kuzyakov et al., 2000). 
In addition to its influence on biological processes, SOM also affects the physical and 
chemical properties of soils, a complete discussion of which is beyond the scope of this 
chapter. Briefly, SOM helps to improve soil structure as it reduces the stickiness and 
plasticity of clays thereby making the soil more friable and easier to cultivate. Soil 
moisture status is improved since SOM increases infiltration rates and water holding 
capacity (Brady and Weil, 1999). 
The cation exchange capacity (CEC) of SOM helps retain nutrient cations in 
exchangeable forms and therefore available for plant use, whilst losses though leaching 
are reduced. Various components of SOM such as organic acids are able to attract metals 
such as FeJ+, Cu2+ and Zn2+ from mineral surfaces to form stable chelates which, if in 
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solution are available to plants. SOM also acts as an effective pH buffering mechanism 
through its acid and base functional groups (Brady and Weil, 1999). 
Proteinaceous inputs to agricultural soils may be derived from several sources such as 
senescent plant material, animal excretal returns, microbial and other soil faunal biomass. 
Microbial cells, and in particular, bacteria and fungi, represent the largest fraction of soil 
organisms (up to 2600 kg dry weight ha·1 and 2000 kg dry weight ha·1 respectively) (Foth, 
1978) and have an N content of approximately 5 - 10 % of dry matter. The potential input 
of N from these microorganisms could equal 130 - 260 kg N ha_, for bacteria and 1 00 -
200 kg N ha·1 for fungi, largely in proteinaceous form. In comparison, the dry weight of 
earthworms in grassland ranges between 50 - 500 kg ha·1 with an N content of 10.5 %. 
Thus, the N input from earthworm biomass could be between 5 - 50 kg N ha·1 (Whitehead, 
1995). 
The total N content of the surface layer of soils ranges from <0.02 % in subsoils up to 5 % 
in peat soils (Bremner, 1967) and according to Parsons and Tinsley (1975), Stevenson 
(1982a) and Sowden et al., (1976), up to 98 % of this N is bound organically in products 
resulting from the decomposition of SOM. The remaining 2 % N is presumably either 
immobilised in the soil microbial biomass or is in the form of N03- I NH4+. Amino acid 
compounds constitute a large proportion of the decomposition products and are estimated 
to contribute 20 - 45 % to total soil N (Bremner, 1967), which corresponds to a potential 
range of 0.04 - 12 mg g·1 soil. They also contribute up to 20 % to total C in the SOM 
(Sorensen, 1972). The majority of amino acids are in polymeric forms which are 
associated with and protected by other soil components such as clay minerals, 
oxides/hydroxides and humic compounds (Sowden et al., 1977). 
Due to the importance of its contribution to soil productivity and structure, factors 
controlling the dynamics of SOM turnover, resultant products and their interaction with 
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other soil components have historically been the focus of many soil science studies. 
However, due to the ·complex array of parameters involved, they are still not fully 
understood. 
Results from studies on the ammonification of amino acids by Aiel and Kleiner (1986) and 
Dilly (1997) suggest that quantifying extractable amino acids may be a useful method for 
assessing the biological activity and mineralization potential of soils. This is supported by 
Mengel et al., (1999) who found that there was a significant depletion of amino acids from 
the ON pool that corresponded to net mineralization. 
1.5.2 Amino acid distribution in soils 
The bulk of the amino acid fraction of soils consists of amino acids in combined or 
proteinaceous forms (CAA), which are usually determined following acid or base 
hydrolysis of samples. The remainder of the fraction, determined without prior hydrolysis 
of samples, are amino acids not involved in peptide linkages and termed as free (FAA) 
(Stevenson, 1982b). Proportions of the CAA and FAA fractions may be dissolved in soil 
solution, and particularly in the case of dissolved FAA, are a readily available substrate for 
microbial and plant use. 
Proteins, peptides and amino acids are capable of interacting with other soil organic 
constituents such as sugars, phenolics, quinones, humic substances and soil 
mineralogical components such as clay particles (Stevenson, 1982b; Warman and lsnor, 
1991 ), thereby contributing to the retention of OM in soil. The degree to which these 
interactions take place is fundamentally determined by the reactive groups and charge 
properties of the amino acids (see Table 1.1 ). The implications of these interaction 
processes is that they can lead to depletion of some amino acids from the dissolved 
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mobile fraction and their selective preservation in the soil as a recalcitrant and thus 
immobile fraction. 
The NH2 group in FAA and CAA can take part in browning or Maillard reactions with the 
carbonyl group (C=O) of reducing sugars resulting in the formation of brown pigments. 
The group may also undergo oxidative degradation with other soil and humic compounds 
containing a C=O group to yield a ketone or aldehyde, ammonia and carbon dioxide 
(Strecker degradation). Also, they may react with the C=O group in quinones to form aryl 
amines (Stevenson, 1982a). Therefore, basic amino acids containing two NH2 groups 
undergo browning reactions to a larger extent than the neutral and acidic species. The S-
containing amino acids are thought to be important as linkages during humic acid 
formation (McGill and Cole, 1981 ). 
Free amino acids with a net positive charge and proteins and peptides with an 
unprotected NH2 end group are capable of forming a relatively strong interaction with 
electronegative sites on clay surfaces. The clay fraction of soils is comprised of 
aluminosilicate crystalline colloids which are typically <0.2 ~m. Because of their large 
surface area to volume ratio and largely electronegative charge, clay particles are 
important sites for chemical and physical reactions in soil. Clay minerals are constructed 
of lattice layers of tetrahedrally configured silicon oxides (Si04) and octahedrally 
configured aluminium oxides (AI03). Clays, such as kaolinite, are composed of one 
tetrahedral and one octahedral layer held together by hydrogen bonds, in what is termed a 
1 : 1 lattice structure. The extent of amino acid adsorption to clay particles is therefore 
dependent on both the compound and soil properties (Jones et al., 1994). 
Clays, such as montmorillonite, are composed of a layer of one aluminium octahedral 
sheet sandwiched between two tetrahedral silica layers in a 2 : 1 configuration. The lattice 
configuration results in a much weaker bonding between layers so that 2 : 1 clays have 
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the capacity to expand and contract upon wetting and drying. The property of expansion 
means that the interior of the lattice becomes exposed and provides extra surtace area 
available for the adsorption of minerals and water (Foth, 1978). 
The charge at the clay surtace is due to an exchange of soil elements with the same 
coordination number but lower valency than Al3• or Si4• in a process known as 
isomorphous substitution. This occurs during the formation of the clay minerals and leads 
to the electronegative imbalance in the charge which can be balanced by other soil 
cations as Ca2·, Mg2• and K• either inside or outside the lattice structure. 
Under certain circumstances, isomorphous substitution can lead to positively charged clay 
surfaces, such as when the substituting cation has a larger positive charge than the one it 
is replacing (Benbi and Nieder, 2003). In this case, amino acids with a net negative 
charge can be adsorbed. Amino acids with a net neutral charge are held weakly by clay 
minerals, the degree of which is determined by the length of the amino acid molecule or 
molecular weight (Curry et al., 1994). 
Thus, it seems reasonable to expect that there is greater amino acid retention in soils with 
increasing clay content, but evidence shows that this may not always be the case. For 
example, the largest amounts of total FAA (9.92 ~g N g· 1 soil) and total TAA (217 ~g N g· 1 
soil) were extracted from a soil with the largest sand to clay ratio (DeLuca and Keeney, 
1993) compared with 2 other soils. One explanation for this may be that there was greater 
microbial activity concomitant with increased aeration in the sandy soil. 
Various terminologies are used to describe amino acid fractions depending on whether 
they are particulate-attached or are in solution. Some of these are explained as follows 
and are the terms used throughout this thesis. 
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Hydrolysis yields the total amino acid content (T AA) of a sample, which may also be 
expressed as total hydrolysable amino acids (THAA) or as total amino acid N (total AA-N). 
The CAA content of samples is determined as the fraction remaining from TAA- FAA. 
Dissolved amino acids are those that pass though a 0.45 IJm filter, in which case TAA, 
CAA and FAA are expressed as DTAA, DCAA and DFAA respectively. The DCAA fraction 
is identified as DTAA- DFAA. 
Methods of hydrolysis vary throughout the literature with regard to type, strength and 
volume of chemical used together with temperature and length of time of the hydrolysis 
process. Typically, hydrolysis is performed using hydrochloric acid at strengths of either 3 
N to 6 N under reflux in evacuated, sealed tubes. The temperature of reflux varies from 
between 1 00 ac to 120 ac over a period ranging from 6 h to 24 h. Some amino acids such 
as TAP, CYS and MET are destroyed during acid hydrolysis. In which case a base such 
as sodium hydroxide (NaOH) is used for TAP (Stevenson, 1982a) and CYS and MET are 
pre-oxidised to cysteic acid and methionine sulfone with performic acid, prior to hydrolysis 
(Freney et al., 1972). 
Within the literature for soils, authors use different units to express the total and individual 
amino acid contents and so comparison between studies is somewhat difficult. Amounts 
are most often reported on weight per weight of dry soil basis and sometimes as a weight 
per unit area i.e. kg ha·1• since they are usually obtained by soil extraction. Occasionally, 
results are given as a% of total soil N. Individual amino acid amounts are often expressed 
relatively as a % of the total amino acid concentration. Values are rarely reported on a 
solution concentration basis. 
A major study by Sowden (1977) on 92 samples from different horizons of a range of 
Canadian soils led to the conclusion that there is very little difference in TAA distribution 
between soil type and texture. However, broad differences were found between soils 
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under different climate zones (Sowden et al., 1977). Typically, soil from tropical regions 
had a greater abundance of acidic species whilst temperate soils contained more basic 
ones. These findings contradicted earlier studies by Decau (1969) who found that basic 
amino acids increased in soils from cooler to warmer climates. The reasons for this 
disparity are not clear but could be due to differences in soil types, plant residues or 
extraction methodologies. 
Results reported by Goh and Edmeades (1979) for 6 contrasting New Zealand soils under 
widely different conditions particularly indicated that neither textural properties nor farming 
factors have an impact on TAA distribution. Interestingly, the soils had greater molar 
proportions of ASP, GLU and LYS than has been reported for other temperate soils and 
the abundance of acidic amino acids was similar to values for tropical organic volcanic 
surface soil given iii Sowden et al., (1976) and Decau (1969). ASP and G[U (the 
hydrolytic products of ASN and GLN respectively) are major constituents of plant proteins 
(Beevers and Storey, 1976) and their abundance indicates a predominance of non-
degraded plant litter. Data collated from the literature by Stevenson (1982a) for the major 
global climate regions (including the study mentioned above) shows that there is actually 
little significant variation in the regional % relative distribution profiles of amino acids 
except for the aforementioned tendency towards an increase in basic species from 
warmer to cooler climates (Figure 1.3). 
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Figure 1.3 Percentage relative distribution of amino acids for soils in different climatic 
regions. Data adapted from Stevenson, (1982b) and sourced from Sowden et al. , (1976), 
Chen et al., (1977), Sowden, (1977), Sowden et al., (1977) and Khan and Sowden, 
(1971 ). Vertical lines represent standard deviation (s.d .). 
The overall means of the individual amino acids for the different climatic regions show that 
ASP, GLY, GLU, ALA, ARG and LYS were the most abundant compounds, representing 
nearly 70 % of the total. These amino acids are commonly reported as being constituents 
of microbial cell walls (Hayashi and Harada, 1969; Kai et al., 1973; Marumoto and 
Higashi, 1977; Marumoto et al., 1977). The S-containing amino acids made the least 
contribution, representing <2 % of the total. Monreal and McGill (1985) found low levels of 
the S containing amino acids (MET and CYS) in centrifuged soil waters. They suggest that 
depletion of S amino acids may be due to either high turnover rates by microbes for 
utilization as energy sources and biosynthesis, or that they are involved in a strong 
association with soil colloids. The two acidic amino acids (ASP and GLU) showed the 
most variability across the studies. 
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There also seems to be remarkably little difference in patterns of T AA distribution between 
soils in different textural classes. Bremner (1950a) found little difference in protein 
composition between 10 soils that included neutral tens, an acid fen, an acid peat and a 
chernozem. Also, a number of studies reported in Zaidel'man and Danilova (1989) show 
similarities in amino acid distribution between different soils types across the former 
Soviet Republic, despite differences in methods of isolation and analysis. 
The similarity in amino acid distribution between soils is surprising given the different 
climate conditions, vegetation, and soil textures and many other variables. lt appears 
there can be more variability between soils of similar chemical and physical properties and 
climatic conditions than between those with widely dissimilar ones. Reasons for this may 
be partly due to the different sample processing and extraction procedures employed in 
the various studies. Some evaluation of the different methods used has been performed 
on various aspects. For instance, the removal of interfering agents such as clay particles, 
using hydrofluoric acid, and inorganic ions by desalting (Cheng, 1975), and strength of 
HCI, temperature and length of time of hydrolysis (Schnitzer and Hindle, 1981; Makarov, 
1990). lt is possible that some of the reported values may be underestimated as a result 
of either losses of some amino acids due to complete degradation during a harsh 
hydrolysis procedure or only partial hydrolysis of the proteins. 
Another reason, discussed earlier, may be that the analytical methodologies used in some 
of the earlier studies may not have been sensitive enough to pick up subtle differences 
between the samples. There may have also been incorrect identification of amino acids if 
the separation techniques were not reliable. lt is also possible that there may have been 
an overestimation of amino acids if stringent methods for reducing contamination at any 
point during the sampling processing and analytical procedures were not adhered to. 
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In comparison to TAA, data for the FAA fraction are scarce and especially so for 
concentrations in naturally occurring soil solutions. The FAA fraction has a transient 
existence in the soil due to its ready availability as a substrate (Bremner, 1967). lt has 
been shown that when FAA are added to soil, most disappear within 2 - 9 days 
(Greenwood and Lees, 1956). Similarly, studies on the persistence of AAG, L YS and TAP 
in soil found that most of the AAG and nearly all of the TAP that had been added was 
degraded in 3 days, though approximately 25 - 50 % of the added L YS still remained 
(Putnam and Schmidt, 1959). 
Although FAA have a rapid turnover rate and were not always detected in earlier studies 
(Bremner, 1950b; Sowden and Parker, 1953), this may be partly due to the less sensitive 
methodologies and techniques that were used, compared with those currently available. 
Nevertheless, FAA were identified qualitatively if not quantitatively in soil leachates using 
paper chromatography and the ninhydrin reaction technique (Payne et al., 1956). A brief 
description of the history and development of amino acid analysis is included in Chapter 2. 
In studies reporting FAA, the fraction is generally determined following aqueous extraction 
of soils (Putnam and Schmidt, 1959; Paul and Schmidt, 1960; Gilbert, 1963; Gilbert and 
Altman, 1966). Solvents used include water (Sowden, 1966), ethanol (Gilbert and Altman, 
1966), barium hydroxide and ammonium acetate (Paul and Schmidt, 1960) with varying 
degrees of efficiency. For example, water was found to be 25 - 100 less efficient than 
ethanol (Sowden, 1966) and Paul and Schmidt (1960) found that barium hydroxide and 
ammonium acetate extracted 5 - 25 times more so-called DFAA from soil compared with 
an 80 % ethanol + water mixture. Also water was found to be effective as an extractant of 
acidic ASP and neutral LEU but was ineffective in releasing basic AAG compared with 
barium hydroxide. 
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lt is worth noting that the solvents used for extraction of FAA, such as ethanol and 
ammonium acetate, artificially release amino acids into solution from exchanges sites on 
soil particulates, such as clays or humic materials. They may also release metabolic FAA 
from the cells of microorganisms. For example, extractants containing organic solvents 
such as or carbon tetrachloride cause the death of microorganisms and, following cell 
lysis, the release of amino acid metabolites into the surrounding solution (Stevenson, 
1982a). In this sense the term 'dissolved free' is a little misleading since the FAA fraction 
reported may not represent the same FAA fraction that would naturally be available to 
microorganisms and plants. Also the concentration of FAA may be overestimated 
compared with that of actual soil solution. 
Amounts of total FAA. in soils extracted with ammonium acetate rarely exceed 2 11g g ·1 
soil (Paul and Schmidt, 1960). However, some studies carried out in Russia during the 
1970's, the findings of which are summarised in Zaidel'man and Danilova (1989), report 
total FAA concentrations ranging between 1 - 70 11g g·1 and 100 - 400 11g g-1 from mineral 
and boggy soils respectively. Unfortunately, the methodologies for how these values were 
obtained were not described. In another Russian study, water and ethanol extracts of a 
chernozem meadow soil contained 9 amino acids with a total FAA concentration of 
approximately 70 11M (Abasheeva et al., 1984). 
More recent studies on soil solutions, obtained by soil centrifugation, report concentrations 
of individual DFAA ranging between 1 - 50 11M in waters from a number of different soils 
under different cultural conditions (Monreal and McGill, 1985) and total DFAA (sum of the 
individual DFAA concentrations) ranging between 8- 270 11M. Elsewhere, Yu et al., (2002) 
report individual DFAA up to 12 11M and total DFAA of 1.6 - 29.9 11M in forest soils. Salt 
marsh porewaters contained total DFAA concentrations ranging between 370 - 8850 nM 
and individual DFAA concentrations of <1 0- 2600 nM (Gardner and Hanson, 1979). 
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In arctic tundra soils, FAA concentrations were in the range of approximately 0.5 - 10 !JM 
and followed the order GL Y > ASP > GLU > SEA > ARG although there was evidence of 
temporal variation. Elsewhere, Raab et al., (1996) reports that the most abundant FAA in 
a Colorado alpine soil were GL Y (1 0- 100 !JM) and GLU (5- 70 !JM). 
Various environmental and agronomic factors have been found to affect FAA 
concentration. For example, freezing of soils caused up to a 44 fold increase in FAA 
concentrations especially soils with a high degree of humification (lvarson and Sowden, 
1966; lvarson and Sowden, 1970). Elsewhere, additions of potassium nitrate and glucose 
to soil increased FAA levels up to 100 IJg g ., soil (Paul and Schmidt, 1961 ). 
1.6 Factors affecting amino acids in soil 
A complex array of factors can control the origin, fate and distribution of amino acids in 
soil. These include agronomic and cultural conditions, soil environment, biological 
parameters including uptake, synthesis and degradation by the microbial biomass and 
uptake and exudation by plants and chemical and physical interactions with other soil 
components. These factors are discussed in the following sections. 
1.6.1 Agronomic effects 
1.6.1.1 Crop type 
The accumulation of OC, ON and OM in grassland soils varies with different sward 
species (Clement and Williams, 1964; Clement and Williams, 1967; Garwood et al., 1972). 
In addition, results reported in Hopkins et al., (1988) suggest that that environmental 
factors such soil pH, as well as the source and nature of plant material, regulate the rate 
of grassland OM turnover and its subsequent accumulation. 
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Quantities of amino acids are usually larger in soils that are rich in organic matter, and 
larger amounts can be expected in permanent grassland soils than arable soils due to the 
build up of root mass. For instance, Wagner and Mutatkar (1968) found that soil under 
grass contained more amino acid, relative to organic C, than soil under maize. Elsewhere, 
amino acids accounted for 50.3 % of TN under grass compared with 42.6 % of TN under 
arable, but the relative distribution patterns between the two were similar (Huntjens, 
1972). In contrast, Stevenson (1956) found that although overall concentrations were 
lower, there were greater levels of the basic amino acids, especially L YS, under 
continuous corn cropping compared with undisturbed grassland. This suggests that these 
amino acids were more resistant to microbial attack. 
Although straw incorporation can increase the quantity of amino acids in arable soils 
compared with straw burning, methods of disposal or decomposition quality of the straw 
are not reflected in the distribution of hydrolyzable amino acids (Christensen and Bech-
Andersen, 1989). 
The presence of leguminous plants apparently increases the quantity of amino acids but 
not the distribution. For instance, quantities of FAA were greater in soils under clover 
compared with arable and fallow soils. The TAA content of fallow soil was 5 times less 
than that of the soil under legumes (Shakirova and Khaziyev, 1978) though there were no 
differences in the relative abundance of individual amino acids between treatments. 
Similarly, amino acids increased in a crop rotation where barley was under sown with 
alfalfa compared with other cropping systems, but with no differences in distribution 
(Campbell et al., 1992). 
Although amino acid distributions do not appear to vary between soils under different crop 
cover, evidence suggests that the distribution of FAA can vary under the same plant 
species grown in different soil types. For instance, when 3 different soil types were 
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planted with Centaurea jacea the presence of the plant increased the concentration of 
different FAA compounds relative to unplanted soil: GLU in a chernozem, PRO in a 
fluvisol and ASN in a cambisol (Hertenberger et al., 2002). However, the authors conclude 
that it is not that soil type influences rhizodeposition; rather that soil type influences the 
microbial metabolism of amino acids and hence net rhizodeposition. The implications of 
these findings are that rhizodeposition studies need to encompass a wider range of plant 
species grown on a greater number of different soil types. 
1.6.1.2 Effect of cultivation 
Levels of amino acids are generally greater in undisturbed soils since cultivation increases 
soil aeration with a subsequent increase in mineralization rate. For instance, the effect of 
tillage versus no tillage on quality of SOM was investigated using a 10 year continuous 
barley experiment on a silty loam soil. Hydrolysates from the non-tilled soil contained 
greater quantities of C and N compared with tilled soil. Also the non-tilled soil contained 
15% more amino acids, of which ASP, GLU and GL Y were the most abundant (Arshad et 
al., 1990). Similarly, soil that had been ploughed contained a 7 % greater proportion of 
CAA in the humic fraction compared with that from an uncultivated grassland soil, which 
suggests a higher degree of SOM decomposition. In both soils, neutral amino acids were 
predominant whilst basic were least abundant. The humic acid fractions from both soils 
contained large proportions of GLU, GL Y, ALA, and V AL. However, L YS was particularly 
abundant in the grassland, indicating the presence of a greater microbial biomass 
(Szajdak and Osterberg, 1996). Also, a greater concentration of TAA was associated with 
the humic acid fraction of SOM from a non-tilled soil compared with that of a tilled soil. 
However, the reverse was true for the fulvic acid fraction (Szajdak et al., 2003). In 
addition, the humic acid fraction of the non-tilled SOM contained greater quantities of ~-
ALA and L YS compared with the tilled SOM, also indicating a greater microbial presence 
since they are common constituents of bacterial cell walls. 
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Highly organic soils that are waterlogged for most of the year contain a higher percentage 
of N as amino acids, presumably due to reduced microbial activity and a slower turnover 
of OM (Stevenson, 1982a). lt has been suggested that in organic soils, N is continually 
recycled but maintains much of its original proteinaceous form (Sowden et al., 1978). lt 
has also been shown that increased decomposition of peat following cultivation does not 
necessarily lead to changes in amino acid distribution but the quality of the original plant 
material does (Morita and Sowden, 1981). 
1.6.1.3 Mineral fertilizer 
There are conflicting results for the effect of mineral N fertilizer additions on the amino 
acid content of soils. Decau (1969) found that the addition of mineral N fertilizers had little 
effect and Jones and Shannon (1999) found that there were no detectable differences in 
amino acid mineralization between several different grassland soils that had received 
application rates equating to between 0 to 120 kg N ha·1 as ammonium nitrate. In contrast, 
Shorokhov (1971) found a significant increase in FAA following the addition of mineral 
fertilizers and levels of ASP, ARG and LEU increased in a soil under fertilized wheat 
compared with one receiving no fertilizer (Campbell et al., 1991 ). 
The quantity of FAA was found to increase in soils that had been applied with green 
manure in combination with mineral N, P and K fertilizers compared to soils applied with 
green manure and without fertilizer addition (Saha et al., 1980). Also, different amino 
acids were observed in soil with or without OM application and different combinations of 
mineral fertilizers. Notably, TYR was only found in soil receiving inputs of OM, Nand P, 
whilst ILE was only found in soil receiving just an application of K. Apart from this work no 
other literature was found on the effect of K addition on soil amino acids. 
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EI-Shinnawi and Salabi (1981) found that additions of P and Fe, at concentrations of 500 
mg 1" 1 and 50 mg 1" 1 respectively, slightly enhanced the degradation of amino acids in soils. 
Also an elevated P concentration in the root zone decreases amino acid exudation, 
apparently due to decreased membrane permeability (Ratnayake et al., 1978; Graham et 
al., 1982; Schwab et al., 1983; Tawaraya et al., 1994). 
1.6.2 Interaction with clays 
As mentioned previously, amino acids involved in peptide linkages are thought to be 
bound to clay minerals through their reactive end groups. As a result, the reactive groups 
are inaccessible to proteolytic enzymes and therefore resistant to microbial attack 
(Ensminger and Gieseking, 1942), particularly if they are contained within the lattice 
structure of 2 : 1 clays (Pinck et al., 1954 ). 
lt has been suggested that the dominant adsorption mechanism for monomer, di- and tri-
peptides of GL Y on montmorillonite is a proton transfer reaction. However, in addition 
there are other forces such van der Waals and polar interactions which increase with 
molecular weight of the adsorbed species and shape of the molecule (Greenland et al., 
1965a; Greenland et al., 1965b). Moreover, it has been shown that adsorption of peptide 
fragments increases with molecular weight and length of chain (Stotzky et al., 1982). 
Studies by Harter and Stotzky (1971) showed that the degree of interaction of proteins 
with clays is dependent on their molecular weight, structure and number of binding sites. 
For example, the adsorption of chymotrypsin was twice that of lysozyme even though they 
have similar molecular weights. This was thought to be due to the structure and 
arrangement of amino acids which leads to more binding sites and fewer molecules 
needed to saturate the binding sites on the clay (Harter and Stotzky, 1971 ). 
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Various studies suggest that the extent of FM adsorption in soils and resistance to 
microbial attack is not straightforward. Indeed, laboratory studies reported in Stotzky et al., 
(1982) showed that different amino acids were adsorbed to clay minerals with different 
homoionic cations. For example, ASP, CYS, PRO, and ARG were adsorbed to clays 
which were homoionic to H, calcium, zinc and AI but not to clays homoionic to sodium or 
lanthanum. Also, GL Y was only adsorbed to clays homoionic to H and were easily 
removed with water. Conversely, these laboratory studies may not reflect what actually 
occurs in the field since clays are unlikely to be homoionic. Also, the findings of these 
studies, coupled with the resistance of bound organic material to microbial attack, implies 
that all the binding sites on clay particles would eventually become saturated unless some 
other mechanisms capable of causing desorption are in operation. These could include 
wetting and drying or freezing and thawing cycles, mechanical soil disturbance, or 
ingestion by soil macro fauna such as earthworms. Other work by Greenwood and Lees 
(1956) found that the amounts of ARG, LYS and HIS adsorbed by a sandy loam soil were 
71, 58, 51 % of the quantity added, respectively. At the same time, there was complete 
degradation of the adsorbed amino acids over a 10 day soil incubation period. Also, 
Putnam and Schmidt (1959) report that basic FAA were completely adsorbed to bentonite 
(2 : 1 lattice clay) at pH 8.2 but suggest that they would still be available for microbial 
degradation. 
In the field, the evidence for selective retention of amino acids in clay soils is conflicting. In 
a study of 1 0 soils under different cropping rotations, amounts of T AA ranged between 
573 - 1384 mg kg ., soil with increased levels associated with increasing clay content and 
organic C (Senwo and Tabatabai, 1998). Yet data for 8 South African topsoils showed that 
increased clay content was not correlated with increased T AA concentration (Both a et al., 
1989). 
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On the other hand, Christensen and Bech-Andersen ( 1989) investigated the distribution of 
amino acids on soil particle fractions from 2 arable soils. The proportion of AA-N 
represented between 31 - 39 % of the total N in the whole soil, clay and silt fractions. 
Proportionately, the clay and silt fraction contained 5 - 10 and 2 - 5 times more amino 
acids than whole soils respectively, whilst the sand fraction contained 10 - 20 times less. 
Interestingly though, the relative distributions were similar for the clay, silt, sand fractions 
and whole soil; the most abundant amino acids were GL Y, ARG, ASP, HIS, GLU and 
L YS. However, diaminopimelic acid (DAPA) was found to be more abundant on the clay 
fraction which suggested that there was, or had been, a greater microbial biomass 
associated with this particle size. The affinity of amino acids and peptides to clays and 
where they are located on clay surfaces could well lead to observed differences in 
microbial utilisation. In addition, differences may also be due to the affinity of amino acids 
and peptides with microbial permeases and intracellular energy yield, compared with the 
energy required for transport across the cell membrane (Dashman and Stotzky, 1986). 
lt appears that retention of amino acids in soils is not easily explained and that the 
chemical and physical properties of the amino acids and soil texture may not the be the 
only determinants of retention. 
1.6.3 Depth distribution 
Concentrations of TAA generally decrease with increasing depth down a soil profile 
(Sowden, 1956; Stevenson, 1957; Khan and Sowden, 1971; Goh, 1972; Hadas et al., 
1986), presumably due to a decrease in SOM content and number and activity of soil 
microorganisms. Also, decreasing hydrolysable N production rate with increasing depth 
may be also be the result of recondensation of amino acids into products that are more 
resistant to microbial degradation (Saudi et al., 1990). 
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However evidence shows that a reduction in total concentration with depth does not 
always appear to be the case and is dependent on soil type, properties and land use, 
which also affect the amino acid distribution profile. For instance, Ktsoyev (1977) reports 
decreasing amino acid concentration with depth in 6 different soils, though the most 
reduced concentrations were in the profiles of the Chestnut soil, and the Leached and 
Podzolic Chernozems whilst those of the Dark Chestnut and Calcareous Chernozems 
were less pronounced. The content of extracted FAA decreased more gradually down the 
profile of a well cultivated podzolic chernozem compared with that of a poorly cultivated 
one and appeared to be linked to a similar pattern in enzymatic activity (Shakirova and 
Khaziyev, 1978), presumably as a result of increased aeration of the soil. Lowe (1973) 
reports an overall increase in concentration with depth in a Canadian forest soil, though 
there were decreasing proportions of GLU, PRO and LEU relative to GL Y which were 
associated with increasing decomposition status of the L, F and H humus horizons. In 
another forest soil study, concentrations of the S containing amino acids were found to 
decrease with depth (Autry and Fitzgerald, 1990). 
In a meadowland chernozem, FAA concentrations reduced from 70 !JM to 30 !JM in the 0-
30 cm horizon. The top 0- 15 showed an abundance of GLU, VAL, ALA, and LEU, whilst 
in the 20 - 30cm horizon, the order was GLU, VAL, SEA and THR (Abasheeva et al., 
1984). Under a predominantly Calluna heathland soil, the greatest amounts of total FAA 
were found in the litter layer where neutral amino acids were the most abundant and 
followed the order of HIS, GLU, ALA, SEA, ASP, LEU, VAL, GLY, ARG, ILE, LYS, PHE 
and TYR (Abuarghub and Read, 1988b; Abuarghub and Read, 1988a). Sowden et al., 
(1978) report a small but random increase in T AA concentration for a number of cultivated 
and virgin peat soils. Whilst in forest soils, both DFAA and DCAA were found to increase 
with increasing soil depth due to leaching of organic substances from the litter layer (Grov, 
1963a; Grov, 1963b). 
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1.6.4 Effects of plant and microbes 
Plants transfer up to 60 % of their net photosynthetic carbon to their root system 
(Marschner, 1995) and, depending on the plant species and growing conditions, between 
4- 70% is released to the soil in a process known as rhizodeposition (Lynch and Whipps, 
1990). Some of the carbon deposition is via root exudates that are partly composed of low 
molecular weight (LMW) substances, including amino acids (Rovira, 1956a; Rovira, 
1956b). Studies have shown that the amino acid proportion of exudates varies between 
plant species but can contribute up to 30 % of the total carbon content (Merbach et al., 
1999). As a consequence of rhizodeposition, the concentration of amino acids is generally 
greater in the root zone of plant roots (rhizosphere) compared with the surrounding bulk or 
non-rhizosphere soil (Bremner, 1967; Stevenson, 1982a). However, it has been reported 
that rhizosphere FAA concentrations were reduced (2 - 20 ~g kg _, soil), and with less 
speciation, compared with non-rhizosphere soil (5 - 28 ~g kg "1), presumably as a 
consequence of microbial demand in the case of the former (Putnam and Schmidt, 1959). 
Root exudates support and increase the activity of a large population of microorganisms 
(Lynch and Whipps, 1990), especially those requiring amino acids for growth (AIIison, 
1973). Microbial biomass growth is actively stimulated above the norm by even trace 
amounts (~g g·1 soil) of amino acids (O'Dowd et al., 1997; De Nobili et al., 2001) and it 
has been shown that the stimulation of microbial activity by root derived carbon can lead 
to increased mineralization of SOM (Ciarholm, 1985). 
Differences in amino acid distribution have been found between the rhizospheres of 
different plant species. In a study by lvarson and Sowden (1969) on rhizosphere and non-
rhizosphere soils under a grass (Festuca rubra) and a legume species (Lotus 
corniculatus), the predominant amino acid species were ASP, THR, SEA, GLU, GLY and 
ALA. Rhizosphere concentrations of amino acids, especially ASP, were generally greater 
under the legume compared with the grass with the exception of MET, TYR, and ARG. 
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Although y-amino butyric acid (GABA) was detected in non-rhizosphere soil, it was more 
prominent in rhizosphere soil, indicating the greater presence of bacterial activity in this 
zone. 
Microbial utilisation of DFAA can be described using Michaelis Menten kinetics with a 
Vmax of 20 - 70 nmol g· 1 soil h' 1 and a Km of 500 - 1000 1-JM (Jones and Hodge, 1999). 
Jones (1999) also determined that the mean half life of a 5 mM mixture of 15C/14N labelled 
amino acids which had been added to 10 different soil types was 1.7 ± 0.6 h in topsails, 
increasing to 12.2 ± 3.3 h in subsoils, pointing out that these rates may be even less for 
amino acids at natural soil concentrations. Additionally, the kinetic rates are not affected 
by soil inorganic N concentrations (Jones and Shannon, 1999). lt has also been 
demonstrated that microorganisms induce rhizodeposition of C and N as LMW 
compounds (Biondini et al., 1988; Meharg and Killham, 1991 ). The mechanism for this is 
not altogether clear. One suggestion is that increased rhizodeposition may be due to 
microbial exudation of metabolites, which possibly affect the permeability of root 
membranes. Also, as LMW substances are quickly utilized by microorganisms, a 
concentration gradient between roots and the soil is maintained, thereby encouraging 
further exudation (Meharg and Killham, 1995). 
As well as being producers of LMW organic substances, plants are also consumers and 
direct uptake of simple LMW organic compounds by plants has been studied since the 
late 191h century (Hutchinson and Miller, 1912). From their studies on maize (Zea mays), 
Jones and Darrah (1994) suggest that exudation of amino acids from roots occurs 
passively whilst uptake is via an active transport mechanism. Using a constructed model, 
they determined that when inorganic N concentrations are limiting (0.1 1-Jmoles cm·3 soil) 
up to 90 % of total N capture can be in amino acid compounds (Jones et al., 1993). 
Previous work also showed that up to 90 % of the amino acids exuded by plants could be 
reabsorbed (Jones et al., 1993). 
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Observations have been made on amino acid uptake by natural and semi-natural 
vegetation (Chapin et al., 1993; Kielland, 1994; Schimel and Chapin, 1996; Streeter et al., 
2000; Henry and Jefferies, 2003), crops (Jones et al., 1993; Yamagata and Ae, 1999), 
grass (Clique! et al., 1997; Murray et al., 1999; Falkengren-Grerup et al., 2000), and trees 
(Beier and Eckersten, 1998; Persson and Nasholm, 2001 ). These findings propose an 
alternative theory of N transfer pathways between SOM, microbes and the soil N pool. 
The traditional theory of mineralization-immobilisation turnover (MIT} is that SOM is 
mineralised by the extracellular enzymatic breakdown of iis constituents, which culminates 
in the release of NH/ (or NH3} to the soil N pool from where it is immobilized by 
microorganisms (Jansson and Persson, 1982). However, the evidence for direct microbial 
uptake of amino acids (Barak et al., 1990) suggests that the final deamination stage to 
NH/ takes place intracellularly and only NH/ that is surplus to requirement is released 
back into the soil N pool (Barraclough, 1997). 
The implication of this alternative route is that it may be a valuable way for plants to obtain 
C and N in soils where mineralization rates are retarded and inorganic N is in short 
supply. For example, in a study of 4 ecosystems in arctic Alaska, Kielland (1995) found 
that the quantity of free AA-N was 4 - 10 times greater than that of NH/ -N, the individual 
amino acid concentrations of which ranged from <1 0 ng g·1 to 2860 ng g_, of dry soil. Of all 
the FAA compounds, ASP was the most rapidly turned over. The author found that arctic 
plants in association with mycorrhiza, showed a high affinity for amino acid uptake relative 
to that for NH/ (Kielland, 1994) and that this may well be an adaptive strategy (Kielland, 
1997). In support of this, Lipson et al., (1999b} found evidence for the direct transfer of 
AA-N between a mycorrhiza and the alpine sedge, Kobresia myosuroides (Cyperaceae). 
Using labelled GL Y C5N, 13C), they found that plants grown in association with the fungi 
contained a significantly higher enrichment of 15N compared with control plants. 
Furthermore, ectomycorrhizal fungi show a preferential uptake of amino acids compared 
with an NH/ analogue, methylammonium (Wallenda and Read, 1999). Other work shows 
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that non-mycorrhizal alpine plants will take up amino acids in preference to NH4 +and N03-
at rates of up to 200 IJmol GL Y g· 1 h-1 and 133 IJmol GLU g·1 h-1 (Raab et al., 1996). 
Since both plants and microbes are capable of utilising amino acids as an N supply, there 
are situations, such as in N limited soils, where there will be direct competition between 
plants and microbes for amino acids. The extent of this competition may be dependent on 
the spatial distribution of plant roots and soil microbes (Vinolas et al., 2001 ). Furthermore, 
there is some variation in the competitive abilities of plants and microbes for specific 
amino acids. Lipson et al., (1999a) found that Kobresia myosuroides, competed more 
strongly for GL Y than microbes. The microbial population grew 5 times slower on GL Y 
(compared with GLU) and supported a significantly lower population than any of the 10 
other amino acids except SER. In contrast the sedge took up GL Y quicker than GLU. 
Therefore, the low microbial demand for GL Y allowed for rapid plant uptake of this amino 
acid as an N source. An important question to arise from this is whether this uptake ability 
is exhibited in plants grown for agricultural production, as this could be a useful 
mechanism that could be exploited in low N input farming systems. Owen and Jones 
(2001 ), using L YS, GLU and GL Y at a rhizosphere concentration of 100 IJM, found that, 
whilst there was direct competition for amino acids between wheat roots and soil 
microorganisms, the plants were only able to sequester 6 % of the added amino acids and 
the microbial biomass immobilised the rest Their findings support the notion that plants 
growing in substrate-poor environments have developed the ability to compete with 
microbes for sources of N and, as the authors point out, that this ability would have little 
significance for plants that are traditionally grown in N rich agricultural soils. 
1.6.5 Seasonal changes 
Since microbial activity is affected by seasonal changes in temperature and moisture, 
changes in concentration of amino acids are to be expected. Thus, Aliev et at (1981) 
report increased levels of T AA in mountain black soils through spring, summer and 
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autumn months but reduced levels during winter. Also, there is evidence to suggest that 
the relative abundance of the individual amino acid compounds are also affected. In an 
arctic tundra soil, levels of GL Y increased and levels of ARG decreased during summer, 
whilst levels of SER increased in spring and autumn (Kielland, 1995). 
1.7 Amino acid dynamics in grazed grassland systems 
This section gives a brief review of the data available in the literature for amino acid 
distribution profiles of the key components of a grazed grassland system which may 
contribute to and/or utilise DCAA and DFM. The purpose of the review was to identify 
whether there are component-specific amino acid signatures that could be used as 
diagnostics. In order to make comparisons between values across the literature, the data 
has been standardised to a relative proportion basis where possible. 
Figure 1.4 illustrates the major transfers between possible sources and sinks of amino 
acids within a grazed grassland system, with particular focus on the input and output 
pathways and transfer processes involved of the DFAA and DCAA fractions. For the 
purpose of clarity, SOM is defined as the material originating from the death and 
deposition of both higher plant components and soil microorganisms, exudates and the 
excretory products from grazing animals. The living microbial component of soil is treated 
as a separate unit to SOM, although of course they are closely associated in a real 
system. 
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Figure 1.4 Pathways and transfer processes of amino acids between sources and sinks in a grazed grassland system with emphasis on the inputs (broken 
lines) and outputs (solid lines) to DFAA and DCAA. Italics represent the transfer processes involved. 
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1.7.1 Excretory products of grazing animals 
The urine of grazed cattle may contain up to 6.0 % of total urine N as FAA (Bristow et al., 
1992). Of the amino acids present, GL Y is overwhelmingly the major species in both free 
and combined forms at range of between approx 60 - 98 % of the total AA-N, and 
concentrations of GL Y can reach up to approximately 100 mg N 1" 1 in free form (Kreula 
and Ettala, 1977) and about 850 mg N 1" 1 in combined form (Bathurst, 1952). Estimated 
values for production of urine in cattle ranges from 10 - 40 I d ·1, dependent on cattle breed 
and diet (Whitehead, 1995). The amount of N excreted in beef cattle urine ranges from 80 
- 240 g N ha·1 d.1 which equates to 30 - 90 kg N ha·1 yr"1 (Whitehead, 1995). If the total 
AA-N as a proportion of total N is roughly 16 % (DFAA + DCAA), then the potential input 
of AA-N could range between 4.8 - 14.4 kg N animar1 ha·1 yr"1 , predominantly as GL Y. 
Most of the N in both fresh and aerobically digested faeces is found in organic form which 
originates from undigested feed, and both living and dead microorganisms (Kirchmann 
and Witter, 1992). Values for the individual amino acid content of fresh dung and slurry do 
not appear to be available from published literature. Unfortunately, the only data available 
are for stored livestock wastes, which have usually undergone some sort of a digestion 
process (Robertson, 1977) or are expressed as total AA-N rather than individual amino 
acids (IAA) concentrations. 
Sheep faeces can consist of approximately 45- 65 % AA-N and much of this is thought to 
originate from bacterial residues (Mason, 1969). Studies by Salo (1965) also showed that 
bacterial cells may contribute up to a third of the dry matter of cattle faeces. Thus, it 
seems reasonable that the amino acid distribution profile for ruminant faeces would 
largely resemble that of bacteria in the ruminant digestive system. 
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1.7.2 Amino acid content of plants 
Much of the data published for the relative amino acid composition of herbage leaf protein 
show that there is in fact very little difference between species. The relative composition is 
also not generally affected by age or fertilizer input (Chibnall, 1939; Lugg and Weller, 
1948; Gerloff et al., 1965; Wilson and Tilley, 1965; Pirie, 1971; Lyttleton, 1973 ). For 
example, although increased fertilizer N leads to an increase in amino acid concentration 
in grasses (Goswami and Willcox, 1969a; Goswami and Willcox, 1969b), amino acid 
distribution profiles of ryegrass (Lolium perenne) are remarkably stable under different 
growth conditions. The hydrolysates of ryegrass protein under different levels of inorganic 
N application, ranging from 375 - 1050 kg N ha·1 yr" 1, and under different levels of soil 
moisture deficit (SMD), ranging from 20 - 120 mm, were reported by Jensen (1982). 
Despite the range of different treatment conditions there was little or. no effect on amino 
acid composition. Furthermore, no differences were found with increasing maturity. There 
is also little difference between ryegrass shoot and root profiles except that HIS, can be 
-60% larger in roots (Goswami and Willcox, 1969b). Armstrong (1951) though, suggests 
that the similarity in the data for protein compositions may be due to limitations in the 
hydrolysis methodologies used, especially for the S-containing and aromatic amino acids. 
He was able to find differences for a range of different species using a microbiological-
assay technique. As an example, the abundance of MET was reduced in legumes, 
compared with grass species. This was also reported earlier in Lugg and Weller (1944). 
Data published by Rabideau (1952) and Fauconneau (1960), for plants grown identical 
conditions has, however, shown that the FAA content of plants is species-specific. For 
example, in the latter study, a lucerne contained greater quantities of ASN and lesser 
quantities of GLU compared with 2 graminaceous species. 
The mean % relative distribution values for DCAA taken from various literature sources for 
ryegrass and clover plant extracts are shown in Figure 1.5. 
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Figure 1.5 Mean DCAA distribution of ryegrass (clear bars) and clover (grey bars). Data 
sourced from Gerloff, et al., (1965), Jensen, (1982), Pokarzhevskii , et al., (1997) and 
Winters, et al., (2001 ); Vertical lines represent standard errors (s.e.). 
The profile for ryegrass and clover are similar except that ryegrass has a larger proportion 
of GL Y, and ALA, whilst clover has larger proportions of TYR, PHE, ILE and LEU. The 
reduced level of MET in legumes reported in Armstrong {1951) and Lugg and Weller 
(1944) is not apparent in the clover data reported here. lt is important to recognise that 
absolute comparison between data in the different literature is limited due to different 
analytical methodologies used and because it was likely that the plants were grown under 
different environmental conditions. 
Nonetheless, the data indicate that there could be species-specific signatures of plant 
proteins. If the same signatures of amino acid ratios are observed in soil amino acids, 
then these could be an indication of the original source material. However, the use of 
signatures may be limited by temporal constraints. For instance, a study on the effect of 
the addition of ryegrass on amino acid distribution of soil found that the pattern did not 
reflect that of the ryegrass which had been added 6 months previously. Instead, it 
appeared that the amino acids compounds had been transmuted via microbial metabolism 
as the pattern of distribution resembled that of the native soil (Marumoto et al., 1972). 
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1.7.3 Amino acid content of soil microorganisms 
As mentioned previously, several studies report that the most abundant amino acids found 
in soils, namely GLU, ASP, GL Y, ALA and L YS, are major constituents of microbial cell 
walls (Hayashi and Harada, 1969; Kai et al., 1973; Marumoto and Higashi, 1977; 
Marumoto et al., 1977). Bacterial cell wall structure is composed of parallel 
polysaccharides (N-acetylmuramic acid, N-acetylglucosamine) cross linked covalently with 
peptide chains and is commonly referred to as peptidoglycan or murein. A tetrapeptide 
chain may consist of L-ALA, D-ALA, D-GLU and either meso-diaminopimelic acid, L YS or 
ORN, depending on the bacterial species. The peptide chains between the N-
acetylmuramic acid molecules are cross linked either directly or via another peptide chain 
consisting of repeating GL Y units, again depending on the species. Depending on the 
group, fungal cell walls are constructed from polysaccharides such as cellulose and 
galactosamine but the majority are constructed of chitin, which consists of polymers of N-
acetylglucosamine. 
A summary of data for bacterial and fungal proteins, collated by Block and Weiss (1956), 
shows that the major components of both bacterial and fungal protein are ASP and GLU 
but in fungal protein, GLU is markedly the most dominant amino acid species (Figure 1.6). 
Similar observations were also reported by Pokarshevskii et al., (1997). These data 
suggest that the GLU : ASP ratio in soil amino acids could be a potential diagnostic tool 
for differences in bacterial and fungal population and activity. However, the content and 
distribution of soil amino sugars, in particular the ratio of N-acetylmuramic acid : N-
acetylglucosamine, is probably of more use (Amelung et al., 1999; Guggenberger et al., 
1999; Kogei-Knabner, 2000). 
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Figure 1.6 General amino acid distribution profiles for bacterial (clear bars) and fungal 
(grey bars) proteins. Data adapted from Block and Weiss, (1956). 
1.7.4 Whole microbial biomass 
Friedel and Scheller (2002) report a large variation in distribution of T AA in hydrolysed 
microbial biomass extracted from different soil types, under different vegetation and pH, 
compared with those of SOM and litter. This is illustrated in Figure 1.7. The mean 
proportions of ALA and GLU were generally greater, whilst SEA, HIS, TYR and PHE were 
generally smaller in the biomass compared with SOM. 
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Figure 1. 7 T AA distribution profiles in hydrolysates of litter, microbial biomass and SOM 
from 8 different soil types under different vegetation and pH. Data adapted from Friedel 
and Scheller, (2002). Vertical lines represent positive s.d. only across the soil and 
vegetation types. 
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1.7.5 Atmospheric deposition of amino acids 
Although the input of inorganic forms of N, e.g. nitrate (N03") and ammonium (NH/), to 
agricultural soils through atmospheric deposition has been extensively studied (Oenema, 
1990; Vandam et al., 1990; Whitehead, 1990; Bobbink et al., 1992; Dammgen et al., 1994; 
Ross and Jarvis, 2001; Bohme et al., 2003; Phoenix et al., 2003), inputs of ON forms have 
been largely neglected. Moreover, little is known about the distribution of ON compounds. 
Rain and aerosol samples from the East Mediterranean were analysed by Mace et al., 
(2003) for a range of inorganic ions including N03. and NH/, as well as TN, ON and 
DFAA. They found that rain samples contained mean ON concentrations of 15 IJM, 
representing about 17% of TN, whilst aerosols contained 29 nM ON m·2 representing 26 
% of TN. Of this approximately 1 % was as AA-N. The most abundant amino acids ( -75 % 
of total) were GLY, ARG, PRO and VAL, which suggests that they may have been of 
bacterial origin. 
Fog waters collected in California contained DFAA concentrations ranging between 2.6 
IJM to 99 IJM, with ORN, a non-protein compound, the most predominant (22 % of total) 
(Zhang and Anastasio, 2003). DCAA concentrations were approximately 4 times greater 
than DFAA (14- 237 IJM), with SER, GLY!THR the most abundant species, followed by 
ALA, GLU, ASP and LEU. Concentrations of TAA in dew have been reported in the range 
of 8.0- 922 IJM, with DFAA representing 35- 45% of the TAA and ARG, PRO, GLU/GLN 
as the most abundant species (Scheller, 2001 ). The average concentration of individual 
DFAA in rainwater samples collected over the period of a year in the foothills of the 
Appalachian mountains were in the range of 10 - 368 nM, with large variations in the 
distribution profiles between samples (Gorzelska, 1992). The most frequently detected 
amino acids were GLY, GLU and SER, whilst ILE, LEU, TYR HIS were either missing or 
were below the limit of detection. Maximum concentrations were observed in samples 
collected during the spring months, with a gradual decrease in concentration throughout 
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summer, autumn and early winter to a level of <2 nM. Concentrations increased again the 
following spring. The authors suggest that the amino acids may have originated from the 
direct transport of terrestrial components such as microorganisms, plants, and particulates 
from soil and OM. 
it is evident that, in certain situations, atmospheric inputs of amino acids to soil could be 
quite significant relative to native soil amino acid concentration. 
1.8 Evidence for differences in patterns of amino acids 
Analysis of marine sediments has shown that patterns of amino acids can reflect the 
degradation state of OM. In a study of OM in deep sea sediments, specific patterns of 
amino acids were found that appeared to be associated with age and type of OM and its 
surrounding oxygen status (Cowie and Hedges, 1994). In another sediment study, GLY, 
SER, and THR were more abundant whilst PHE, GLU, TYR, LEU, and ILE, were more 
depleted in OM that was in an advanced state of degradation. This was apparently due to 
the sedimentary preservation of the more recalcitrant microbial structural components 
such as cell walls and chitinous compounds compared with more labile and easily 
degradable metabolic cell contents (Dauwe and Middelburg, 1998). 
Although there appears to be a similarity in patterns of amino acids between different 
soils, this section reports some examples from the literature where differences have been 
observed, and likely reasons for the differences where possible. The examples have been 
drawn from a wide range of scenarios but where possible focus on studies of agricultural 
and grassland soils. 
Studies by lsnor and Warman (1990), on the composition differences of LMW soil 
peptides (<5000 daltons), showed that although there were only small differences in TAA 
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yields, there were differences associated with soil type and agronomy. The most abundant 
amino acids for all 3 soils were SEA, LEU and L YS. However, peptides from an 
undisturbed grassland silty loam had reduced quantities of ALA relative to those from 
cultivated arable sandy loam and loamy sand soils. Appel et al., (1999) found that an 
abundance of GLU in hydrolysed soil extracts obtained by electro-ultrafiltration was a 
good indication of undegraded fresh OM compared with that in an advanced state of 
degradation. 
Data for 8 typical South African topsoils, with varying clay contents, showed that there 
were differences in relative abundances of T AA, which ranged in concentration from 
approximately 500 - 2600 mg kg ·l soil. GLU was the most abundant amino acid in 2 of 
the soils but was depleted in 4 of the others, whilst LEU featured in the top 4 amino acids 
for all the soils except one (Botha et al., 1989). 
TAA contents are generally greater in soils receiving OM input (Campbell et al., 1991) and 
it has been shown that the% N content as GLY, ILE, GLU, and TYA, is generally larger in 
a soil receiving manure, whereas that of L YS, LEU and SEA is lower, compared with an 
untreated soil (Sol et al., 1998). Similarly, Beavis and Mott (1996) identified distinctive 
patterns in the amino acid distribution between soils that had received applications of farm 
yard manure (FYM) and untreated arable soil hydrolysates from samples originally 
collected in 1881 and 1980. For example, in the hydrolysates from the 1881 soils, GLU, 
VAL, ILE and LEU were of a larger concentration and ASP was of a smaller concentration 
in the manured soils compared to the unmanured soils. In samples dated 1980, soils that 
had received manure had smaller concentration of ASP and THA compared with soil that 
was untreated. From their studies, the authors concluded that differences in amino acid 
concentration do not simply reflect changes in organic matter concentrations. 
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Differences in patterns may well be partly the result of an apparently selective process for 
the utilisation of amino acids as well as other N containing compounds. For example, in a 
decomposition study of GLY, ALA and the nucleic base, uracil, using mineralization losses 
of 14C as a method of evaluation, the C of the -COOH groups of amino acids was 
mineralised most quickly followed by the C in the pyrimidine ring of the nucleic base. The 
C on the methyl group of GL Y was the slowest to mineralize (Fokin et al., 1993). lt has 
also been shown that the relative mineralization of AA-N decreases linearly with 
increasing C: N ratio of the amino acid molecule (van Oriel, 1961). 
Marumoto et al., (1977) showed that, over a 2 week incubation period using sand 
inoculated with either isolates of bacterial cells or bacterial cell walls, the cytoplasmic 
contents of bacteria cells were metabolised quicker than the cell walls. Initial cytoplasmic 
amino acids followed the order: GLU > ALA > ASP > GLY > ILE > VAL > LYS > SEA > 
THR > PRO > LEU > ARG > HIS > MET. Following incubation, the order in hydrolysates 
followed the order of: ALA> GLU >ASP> GLY > ILE > SEA > VAL, LYS, THR > LEU > 
ARG > HIS > PRO, MET. The order of the amounts of amino acids found in hydrolysates 
after 2 weeks incubation was ALA, GLU > ASP, GLY, LYS, VAL > ILE, LEU, SEA, THR, 
ARG, closely matching that found in bacterial cell walls. 
In addition, the microbial usage of proteins and, subsequently, amino acids, appears to 
correlate with soil water content (Kiein, 1977). This was reflected in Hayes et al., (1997), 
who found a greater concentration of amino acids in the hydrolysis products of waters 
from an undrained compared with a drained soil waters. Greenwood and Lees 
(1956, 1960a, 1960b) showed that the decomposition of amino acids under anaerobic and 
aerobic soil conditions differs. Under aerobic conditions, complete degradation of amino 
acids results in the production of NH3, C02 and H20, with similar kinetics (Greenwood and 
Lees, 1956). They found that within 2 - 9 days, nearly all the amino acids added to an 
aerobic soil were decomposed, the exceptions being MET and THR (Greenwood and 
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Lees, 196Gb). Up to 50 % of the total AA-N added was mineralised, with the remainder 
presumably immobilised. In contrast, they found that during a 10 day anaerobic incubation 
of the same soil, LEU, MET PHE, PRO, THR, TRP, TYR and VAL were slowest to 
breakdown (16- 50 %) compared with a 100 % break down of ALA, ARG, ASP, CYS, 
GLU, GL Y, HIS, L YS and SER and products included NH3, and volatile fatty acids. 
Decomposition of the more 'resistant' amino acids was only slightly increased following 
addition of either glucose or nitrate. Yet, the decomposition rate of these amino acids was 
accelerated when they were in a combined form (casein) and they could not be detected 
after 5 days incubation (Greenwood and Lees, 1960a}. 
1.9 The role of amino acids in aquatic systems 
As there is relatively little information for the dynamics of DCAA and especially DFAA in 
soil waters, some evaluation of the literature for other aquatic media has been included. 
Moreover, since dissolved amino acids in water leaving agricultural soils may ultimately 
end up in natural watercourses and contribute to raising their trophic status (Thomas, 
1997), it is worth including values for downstream environments for comparison. There is 
an increasing interest in the potential role of DON within the N cycle of aquatic 
ecosystems, particularly in freshwater environments (Berman and Bronk, 2003). Part of 
this interest lies in the identification of the sources and components of dissolved organic 
matter (Hedges et al., 1994 ; Lara et al., 1998). 
Thurman (1985) provides a comprehensive review of studies carried out of the organic 
geochemistry of natural waters, including values reported for dissolved amino acids from a 
range of aquatic systems. A summary of the median values and range of DT AA 
concentrations from the literature in this review is reproduced in Table 1.2. The data have 
been converted from the reported concentration units of j.Jg 1" 1 to iJM for comparative 
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purposes using the approximate conversion factor of 100 ~g 1" 1 = 1 ~M, as suggested by 
Thurman. 
DTAA concentration (IJM) 
Water median minimum maximum 
Sea water 0.50 0.2 2.5 
Ground water 0.50 0.2 3.5 
Rivers 3.0 0.5 10.0 
Oligotrophic lake 3.0 0.3 3.0 
Eutrophic lake 6.0 3.0 60.0 
Marsh 6.0 n/a n/a 
Interstitial waters 20.0 5.0 100.0 
Table 1.2 Median and range of DTAA concentration. Data converted from Thurman 
(1985). 
The largest concentrations of DTAA are found in the interstitial, or pore waters, of soils 
and sediments, and the smallest in seawater. Ground water values are also small but the 
author points out that there is very little available data. Riverine DT AA concentrations are 
in a similar range to that of lakes. In most natural waters, the contribution of CAA to TDAA 
is generally reported to be 4 - 5 times greater than that of FAA. Peake et al., (1972) report 
river DFAA concentrations of approximately 40 nM representing only 10% of DTAA. 
Attempts have been made to identify the source of OM using amino acid signatures. For 
example, Hedges et al., (1994) investigated the association between carbohydrates and 
amino acids with different sized particulate and dissolved OM fractions in the Amazon 
River. They found that the coarse particulate organic fractions (>0.63 ~M) were N poor 
(C : N = 21) and, despite evidence of partial degradation from the yields of simple 
carbohydrates, had similar TAA yields to those of trees which were the primary source of 
OM input to the river. In contrast, the fine particulate organic fractions (<0.63 ~M) were N 
rich (C : N = 9) and gave the greatest yields of T AA, with distinctively large basic : acidic 
amino acid ratios and yields of TAA that were comparable with those found in microbial 
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sources. The dissolved fractions (<0.2 IJM) were extremely depleted of amino acids and 
were indicative of advanced degradation of the original source material. 
1.10 Conclusions 
Despite many studies on the amino acid content of soils, the factors influencing their 
quantity and distribution is poorly understood. In particular, there is a dearth of information 
on the natural concentrations of the dissolved fractions in soil solutions. Moreover, there is 
very little information on the extent to which amino acids contribute to soil DON. In 
particular, the export of DFAA and DCAA in surface and drainage waters from grassland 
soils has, by evidence of a paucity of literature, never been quantified. 
A review of the literature for the amino acid composition of the various components of a 
grassland system that are likely to be involved in amino acid cycling was given in section 
1.7. The review identified instances where differences in patterns do occur, which could 
have a potential influence on the patterns observed in soil. For example, herbage data 
(section 1.7.2) show that clover plants may contain a greater abundance of the aromatic 
amino acids compared with ryegrass. The relative contribution of these amino acids in a 
soil under a mixed ryegrass/clover sward might indicate which species was the original 
source material. Also, the ratio of ASP : GLU is different in fungi and bacteria (section 
1.7.3), and this signature could provide a diagnostic for the composition and activity of the 
soil microbial biomass. 
Sediment studies suggested that quantities and differences in patterns of amino acid 
distribution may be useful as a diagnostic tool with which to assess land-based OM 
dynamics. Despite the apparent similarity in patterns of amino acid distribution between 
different soils, there is evidence to suggest that patterns do in fact differ for soils under 
different management and environmental conditions. These patterns appear to be 
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associated with various climatic, agronomic and cultural variables both between and 
within soil types. 
Generally, patterns of soil CAA and FAA are similar to those of microbial biomass, and in 
particular bacteria. Therefore, evaluation of patterns of amino acid distribution in soils 
could be useful for developing the current understanding of the interaction of microbial 
processes of synthesis and degradation of SOM, in conjunction with soil physical states. 
In particular, since DFAA represent the net result of microbial activity on SOM, patterns in 
their distribution could be particularly useful as diagnostics of soil and soil water quality. If 
the pattern of amino acid distribution for a system is well defined, then changes beyond 
the identified boundaries of normal variation in a pattern could indicate perturbations to 
that system. 
1.11 Aims and Objectives 
The studies described in this thesis aim firstly to determine the extent and temporal 
variability of labile amino acids in waters exported, via different hydrological pathways, 
from grassland soils. Determinations of amino acid content were made on waters 
exported from naturally and artificially draining field scale lysimeters comprised of a 
grassland soil under different agronomic, fertilizer and hydrological managements. In 
addition, waters from 4 different grassland soil types housed in monolith lysimeters under 
the same ranges of agronomic and fertilizer management were also examined. Secondly, 
libraries of the data collected from the studies in this thesis were used to determine 
whether there are distinctive DFAA and DCAA distribution patterns, or signatures, that can 
be associated with management and soil type. The field scale data were also compared to 
amino acid data from a river, which receives the export waters from the field scale 
lysimeters. 
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The specific hypotheses tested are that: 
1. There are differences in the quantity and distribution patterns of amino acids 
exported in waters from a soil under different agronomy, fertilizer regime and 
hydrological conditions. 
2. There are differences in quantity and distribution patterns of amino acids in 
drainage waters from soils with different textural properties. 
In order to complete the studies in this thesis, a sample preparation and HPLC 
methodology were developed in order to quantify DFAA in natural waters. The long-term 
objective of the study begun here is that if specific amino acid patterns can be identified 
for a range of different scenarios, they could be used as indicators of soil and soil water 
quality. Further investigation of the major factors controlling patterns of distribution 
through the use of hypothesis-driven laboratory scale studies would help further the 
current knowledge of SOM dynamics and N cycling in soils. 
1.12 Thesis Structure 
Chapter 1 is comprised of a brief outline of the chemistry and physical properties of amino 
acids and an introductory background which provides the rationale for this project. This is 
followed by a review of the literature relevant to the studies described in the ensuing 
chapters. 
Chapter 2 describes a sample preparation technique, and analytical method that were 
developed in order to measure DFAA at the extremely small concentrations (picomolar) 
found in natural waters. The chapter also describes the techniques that were used for 
analysis of DCAA, total N, inorganic N, organic N, total C, inorganic C and organic C. 
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Chapter 3 gives a full description of the main field site and construction of 1 ha lysimeter 
plots from which surface runoff, surface lateral runoff and drainage waters were collected. 
Chapter 4 presents the results and discussion of the analytes found in waters collected 
from the site described in Chapter 3. The chapter also includes the description of the 
statistics and various chemometric techniques that were used for pattern recognition 
within the DFAA and DCAA libraries. 
Chapter 5 gives the results and discussion for DFAA, DON and DOC in leachates 
collected from monolith lysimeters consisting of 4 different grassland soil types. 
Chapter 6 gives the results and discussion of the DFAA in samples that were collected 
hourly during a 24 hour period from a river which receives soil waters from the site 
described in Chapter 3. 
Chapter 7 provides an overview of the results from the studies and identifies areas for 
future research. 
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2.1 Overview 
Chapter 2: Analytical procedures 
This chapter describes the analytical methodologies, procedures and sample preparation 
techniques used for amino acid, nitrogen and carbon analysis of aqueous samples. 
Section 2.2 describes the High Performance Liquid Chromatography (HPLC) methodology 
used for amino acid analysis followed by the results of various performance tests that 
were carried out in order to determine levels of detection and systematic error (section 
2.3). The development and evaluation of a sample pre-concentration technique is 
described in section 2.4. The details for a method for hydrolysis of samples to determine 
DTAA and subsequent values for DCAA is given in section 2.5 followed by evaluation of 
the technique in section 2.6. Sections 2.7 and 2.8 describe the techniques used for TN, 
inorganic N (IN), ON, total C (TC), inorganic C (IC}, total organic C (TOC) and organic C 
(OC) analysis. A summary of the all analytical techniques that were used for amino acid, 
nitrogen and carbon analysis are given in Table 2.5 at the end of this chapter. 
2.2 Analysis of amino acids 
Reverse-phase HPLC with precolumn derivatization of amino acids with o-pthaldialdehyde 
(OPA) and fluorescence detection was the chosen method for analysis. Most amino acids 
do not exhibit strongly detectable chemical or physical properties (Smith, 1997) therefore, 
it is necessary to chemically modify them for detection purposes by labelling them with a 
suitable reagent. Roth (1971) showed that the reaction of primary amines with OPA, in the 
presence of a strong reducing agent containing a thiol group such as 2-mercaptoethanol 
(Figure 2.1) in an alkaline medium, produced strongly fluorescing isoindoles which can be 
measured using fluorescence detection (Aex = 340 nm, Aem = 445 nm). 
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OCHO CHO 
Ortho-phthaldialdehyde 
(OPA) 
+ 
Borate buHer 
NH,-C
1
H- R + SH-(CH2),- OH-----+ 
pH 9.5 
COOH 
a-amino acid 2-mercaptoethanol 
S-(CH2),- OH ~N-rH-R+ vv COOH 2H20 
isoindole 
Figure 2.1 The reaction between an a-amino acid with OPA and 2-mercaptoethanol to 
produce a fluorescing isoindole. 
Techniques for the separation and detection of amino acids have arisen from earlier 
developments by Martin and Synge (1941) on liquid-liquid partition chromatography using 
a stationary phase of silica packed in columns and chloroform as a mobile phase. This 
work led onto the development of paper chromatography techniques (Consden et al., 
1944) coupled with a reaction of the eluted amino acids with ninhydrin to form a purple 
coloured compound for detection (Biackburn, 1968). 
Compared with modern liquid chromatography, these techniques were slow, gave poor 
resolution and produced largely qualitative results. Also, automaiion was difficult (Lindsay, 
1992). The advent of a colorimetric technique, employing amino·acid separation using ion-
exchange chromatography and post-column derivatization with ninhydrin, allowed for 
more accurate quantitative results (Moore and Stein, 1951; Moore et al., 1958). The initial 
method took nearly a week for the analysis of a sample, but later developments such as 
automation of the system and improvements in the ion-exchange chromatography 
reduced sample analysis time to within 24 h (Spackman et al., 1958). Fluorometric 
techniques are a 100 times more sensitive than colorimetric methods (Roth, 1971 ). Post-
column derivatization with other reagents such as fluorescamine and OPA are possible 
with the Moore and Stein system which helps to improve detection limits. However, 
specialized equipment is required and analysis time per sample is > 1 h (Jones et al., 
1981 ). 
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Modern liquid chromatography methods, such as HPLC, use high pressure to increase the 
flow rate of mobile phase through columns containing the stationary phase, thereby 
reducing analysis time. In reverse-phase mode, the most polar solutes are eluted first 
since the mobile phase is more polar than the stationary phase, which is in contrast to 
normal-phase operation. Reverse-phase has advantages over normal phase in that the 
method allows the separation of samples with a broad range of polarity, uses relatively 
inexpensive mobile phase, equilibration of the stationary phase is rapid and is generally 
faster, more reproducible and easier than other HPLC modes (Lindsay, 1992). 
The advantages of using OPA are that the isoindoles are produced relatively quickly at 
room temperature and it is a highly sensitive and selective method allowing for the 
detection of amino acids at the picomole (pmol) level. The isoindoles are non-polar and 
are thus suitable for reverse-phase HPLC (Lindroth and Mopper, 1979). An important 
advantage is that unreacted OPA is not highly fluorescing and ·does not produce 
fluorescent by-products (Smith, 1997). OPA does not react with the terminal NH2 group of 
proteins or peptides and so presence of these compounds does not interfere with amino 
acid detection (Warman and Bishop, 1987). 
Criticisms against the use of OPA are that the derivatives formed may be unstable, 
especially in the case of L YS (Aivarez-Coque et al., 1989). However, extensive studies by 
Molnar-Perl (2001) contest this finding, providing that certain precautions in the treatment 
of OPA are followed, which are discussed below. One possible drawback is that OPA only 
reacts with primary amines and therefore the detection of the secondary amines, proline 
and hydroxyproline is not possible, unless they are oxidised first with sodium hypochlorite. 
Also, the fluorescent responses of cystine and cysteine are very low. Despite these 
shortcomings, OPA has become the most widely used method for derivatization (Moodie 
et al., 1989; Hanczko and Molnar-Perl, 2003). The procedure for derivatization was a 
modified version of Lindroth and Mopper (1979), using boric acid (Evens et al., 1982) to 
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quench the derivatization reaction by lowering the pH, in order to improve the stability of 
the derivatives. 
2.2.1 Reagents 
All the compounds and solvents used for analysis were of the highest grade of purity 
available ('HiPerSolv') and were obtained from Merck (Poole, Dorset, UK) with the 
exception of potassium tetraborate and an equimolar (25 IJM) amino acid standard 
solution which were obtained from Sigma-Aidrich (Poole, Dorset, UK). The amino acid 
standard solution, 2-mercaptoethanol and OPA were kept at 4 ac. The remaining 
compounds and solvents were kept at room temperature. 
2.2.2 Mobile phase preparation 
1. Sodium acetate buffer (50 mM) was prepared daily by dissolving 6.8 g in 800 ml of 
Milli-Q (18 Mn. cm) water (Millipore, Bedford, Massachusetts, USA) to which 2.9 ml of 
glacial acetic acid were added. The pH was adjusted to 5.7 using 1 M sodium hydroxide 
and the volume made up to 1000 ml using Milli-Q water. The buffer was filtered through a 
0.45 IJm nylon membrane filter (Supelco, Bellafonte, Philadelphia, USA) under a vacuum 
of 587 Pa in order to remove any particulates and to degas the solution. Once filtered, 40 
ml of the solution was removed and replaced with 40 ml of tetrahydrofuran (THF) to give a 
0.4% THF solution. 
2. The solvent used was HPLC grade methanol, which was filtered through 0.45 j.Jm 
FP Vericel (PVDF) membrane (Gelman Sciences, Ann Arbor, Michigan, USA) to remove 
any particulates and to degas the solution. 
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2.2.3 Derivatization reagents 
1. Boric acid (0.4 M) was prepared by dissolving 2.47 g of boric acid with Milli-0 
water to give a final volume of 100 ml at pH 4.3. 
2. A stock borate buffer solution (pH 9.5) was prepared by dissolving 12.22 g of 
potassium tetra borate in 80 ml of Milli-0 water, and adjusting the final volume to 100 ml 
with a pH of 9.5. 
3. A working borate buffer solution was prepared by taking 14 ml of the stock borate 
buffer and mixing it with 1 ml of a 30 % Brij solution. The addition of Brij helps enhance 
the fluorescence of lysine (Gardner and Miller, 1980). 
4. A stock solution of OPA was prepared by dissolving 54 mg of OPA in 2 ml of 
methanol, adding 40 iJI of 2-mercaptoethanol and making up to 1 0 ml using the stock 
borate buffer. This solution was prepared at least 2 h before use in order to reduce the 
effect of the possible production of intermediate auto-fluorescent compounds resulting 
from the reaction between OPA and 2-mercaptoethanol (Molnar-Perl and Bozor, 1998). 
The stock solution was kept in the dark at 4 oc and was considered stable for 
approximately 2 months. Potency was maintained by adding 25 iJI 2-mercaptoethanol 
every 72 h. 
5. A 'working' OPA solution was prepared daily for analytical use by mixing 1 ml of 
the OPA stock solution with 1 ml of the working borate buffer. 
2.2.4 Apparatus 
The solvent delivery system consisted of a P200 pump with gradient elution capability, an 
AS3000 auto-sampler and a Fl2000 fluorescence detector (excitation A. = 340 nm, 
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emission 'A= 450 nm) (Spectra System, Spectra-Physics, Freemont, California, USA). The 
operation of all the components of the HPLC system and integration of results were 
software controlled (PC1 000 System Software, Thermo Separation Products Inc., Riviera 
Beach, Florida USA). 
The column was an Adsorbosphere OPA-HS (100 mm x 4.6 mm) with an octodecylsilane 
particle size of 5 IJm and was used in conjunction with a guard column (AIItech Associates 
Applied Science Ltd, Carnforth, Lancashire, UK). 
2.2.5 Derivatization procedure 
Derivatization of amino acids was performed automatically by the auto-sampler and was 
controlled by a customised sample preparation programme within the software. Briefly, the 
procedure was as follows. An automated syringe removed 100 IJI OPA from a reagent vial 
and 50 iJI of sample from a sample vial, with an air bubble separating the two fractions. 
The two fractions were then injected into a secondary empty sample vial and mixed for 10 
seconds by spinning the vial with an angled jet of compressed air aimed at ridges on the 
lid of the vial. After a period of two minutes, a second syringe injected 250 IJI of boric acid 
buffer into the secondary sample vial, to quench the derivatization reaction. Of the 
resultant solution, 1 00 iJI was injected on to the column via an automated injection valve. 
Amino acids were eluted from the column using a gradient programme at a flow rate of 1.5 
ml m in -t, which gave a linear increase of methanol from 10 % to 65 % over 20 m in and a 
return to 10 % after a further 5 min. 
Using this technique, 15 of the commonly occurring amino acids could be identified and 
determined at nM level at the rate of 2 samples h.1• A typical chromatogram resulting from 
the separation of amino acids is given in Figure 2.2. 
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Figure 2.2 Chromatogram resulting from the separation of a mixture of 15 amino acids at 
equimolar {25 ~M) concentration. (1 = ASP, 2= GLU, 3= SER, 4= HIS, 5= GL Y, 6= THR, 
7=ARG, 8=ALA, 9=TYR, 10= MET, 11=VAL, 12= PHE, 13= ILE, 14= LEU, 15= LYS). 
2.3 HPLC methodology tests 
2.3.1 Determination of background amino acid concentration 
The HPLC methodology was initially tested by analysing 5 samples of filtered (0.2 ~m) 
Milli-Q water for the determination of background amino acids that may either result from 
fluorescent intermediate products from the OPA I 2-mercaptoethanol reaction or from 
contamination during reagent preparation and derivatization of samples. Results showed 
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that no peaks were eluted and an example of a typical chromatogram produced from the 
test is given in Figure 2.3 (compare with Figure 2.2). 
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Figure 2.3 A typical chromatogram resulting from the HPLC analysis of Milli-Q water with 
a TOC content of 1 IJg r1 • 
Thereafter, a Milli-Q water sample was included at the beginning, in the middle and at the 
end of every batch of samples analysed to act as blanks. Any peaks that eluted were 
identified and integrated, and the mean result of the 3 was subtracted from the relevant 
amino acid values of the natural water samples. 
The presence of any auto-fluorescent molecules was checked by analysing 5 natural 
water samples without derivatization. No peaks were detected. 
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Generally the blanks, as shown in Figure 2.3, were free from contamination provided that 
the TOC content of the Milli-Q water was no larger than 3 IJg 1"1. As a comparison, Figure 
2.4 shows the chromatogram for Milli-Q water with a TOC content of 6 IJg 1"1. 
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Figure 2.4 Elution profile of amino acids from Milli-Q water with a TOC content of 6 IJg 1"1 • 
When TOC concentrations of the Milli-Q water were in excess of 3 ppb, preparation of 
glassware, reagents and analysis of samples was avoided since amino acid 
concentrations in Milli-Q blanks could exceed those of the water samples. 
In order to reduce the risk of amino acid contamination from other sources, a set of 
dedicated glassware, used solely for HPLC analysis, was decontaminated by acid (0.1 M 
HCI) washing overnight, followed by several rinses with Milli-Q water and oven drying at 
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50 °C. When not in use, the glassware was either stoppered or covered with aluminium 
foil to prevent re-contamination from aerial sources and was stored in a designated clean 
cabinet. 
Medical grade gloves were worn during all preparation of reagents, water samples and 
handling of apparatus to reduce the risk of amino acid contamination from fingerprints 
(Hamiton, 1965). 
2.3.2 Repeatability 
A procedure was carried out to determine the standard deviation of peak retention times 
and peak areas using the above HPLC methodology. A set of 5 samples of 25 iJM amino 
acid standard solution was sequentially analysed according to the automated 
derivatization procedure previously described. The amount of each amino acid injected on 
to the column equated to 312.5 pmol (Table 2.1 ). The lower limits of detection are also 
included in the table and were determined separately. 
Amino acid Limit of detection Mean Retention Time Retention Time Peak area ([!mol) (min) (cv) (cv) 
ASP 0.7 2.643 ±2.2% ±7% 
GLU 1.0 4.256 ±2.5% ±6% 
SER 1.0 5.435 ± 1.8% ±9% 
HIS 1.0 5.896 ±2.9% ± 11% 
GLY 2.7 7.006 ± 1.8% ±8% 
THR 0.7 7.358 ± 1.5% ±5% 
ARG 0.3 8.155 ±2.4% ±9% 
ALA 0.8 8.907 ±1.4% ±7% 
TYR 0.5 9.889 ± 1.0% ±6% 
MET 1.7 12.503 ±0.8% ±7% 
VAL 0.7 12.881 ±0.8% ±2% 
PHE 0.5 13.468 ±0.6% ±5% 
ILE 1.0 14.401 ±0.6% ±3% 
LEU 0.8 14.708 ±0.6% ±5% 
LYS 2.5 16.704 +0.6% +6% 
Table 2.1 Repeatability of results obtained for the analysis of 5 replicates each containing 
312.5 picomoles of 15 amino acids in a standard solution and lower limit of detection, (cv 
=coefficient of variation). 
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The results of the test showed that the coefficients of variation (precision) for retention 
time, ranging from between 0.6 - 2.9% and peak areas, ranging from 2% (VAL) to 11 % 
(HIS), were within an acceptable level of variability. 
The test was repeated with 5 samples at 250 nM concentration and the results are 
presented in Table 2.2. The amount of each amino acid injected on to the column equated 
to 3.125 picomoles. As might be expected, precision was reduced at concentration levels 
approaching the lower limit of detection but was considered acceptable, as was the 
variation in retention times. 
Amino acid Retention Time Peak area (cv) (cv) 
ASP 2.6% 10% 
GLU 1.9% 11% 
SER 2.4% 15% 
HIS 6.9% 17% 
GLY 2.3% 14% 
THR 2.2% 10% 
ARG 5.7% 12% 
ALA 2.3% 12% 
TYR 1.2% 8% 
MET 1.0% 8% 
VAL 0.9% 4% 
PHE 0.8% 9% 
ILE 0.8% 7% 
LEU 0.8% 10% 
LYS 1.3% 12% 
Table 2.2 Repeatability of results obtained for the analysis of 5 replicates each containing 
3.125 picomoles of 15 amino acids in a standard solution and lower limit of detection, (cv 
= coefficient of variation). 
2.3.3 Linearity of response 
Two different sets of standards were analysed in order to test the linearity of the 
fluorescent response over a low range (25- 250 nM) and a high range (0.625- 25 IJM) of 
amino acid concentrations. The results in Figures 2.5 a, b and Table 2.3 show that the 
fluorescent response is linear for both ranges with a mean r values of 0.9798 and 0.9968 
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for the low and high range concentration respectively. L YS also had a much reduced 
fluorescent response compared with the other amino acid species, which has been 
observed elsewhere (Roth, 1971 ). 
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Figure 2.5 Low range (a) and high range (b) concentration versus fluorescent response of 
15 amino acids. 
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Amino acids 
ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
mean 
Low range 
I 
High range 
I 
0.9683 0.9963 
0.9764 0.9973 
0.9686 0.9976 
0.9697 0.9995 
0.9824 0.9982 
0.9830 0.9986 
0.9981 0.9989 
0.9677 0.9979 
0.9849 0.9975 
0.9642 0.9977 
0.9969 0.9973 
0.9928 0.9941 
0.9944 0.9971 
0.9910 0.9972 
0.9967 0.9865 
0.9823 0.9968 
Table 2.3 Values of I for linearity of concentration versus fluorescent response over 2 
different ranges of concentration (n = 5). 
2.4 Sample pre-concentration 
Preliminary HPLC analysis of a set of natural water samples showed that most of the 
individual DFAA concentrations were close to or below the lower limit of detection. 
Therefore, it was necessary to pre-concentrate the samples prior to analysis in order to 
reduce the signal to noise ratio. Two methods for pre-concentration, rota-evaporation and 
freeze-drying (lyophilization), were evaluated for the recovery of a standard mixture of 
amino acids at a known concentration (data not shown). Results of the tests led to the 
decision that a freeze-drying procedure, described in full below, was chosen in preference 
to rota-evaporation for the following reasons. The number of samples that could be roto-
evaporated at one time was limited to one. The drying down time was long, typically in 
excess of 90 min for a 50 ml aqueous sample at a vacuum of 587 Pa and at a 
temperature of 40 °C. Recovery rates for individual amino acids ranged from 72 - 140 % 
which meant that there was either degradation or contamination of the samples. 
In contrast, many samples ( -40) could be processed at once using a freeze-drying 
method and although the drying down time took longer {96 h), the samples were kept 
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frozen throughout the process thereby reducing the likelihood of degradation. The 
efficiency of the freeze-drying and re-hydration method was tested with natural water 
samples using the following procedure. 
Using pre-cleaned Nalgene bottles, a set (24 x 50 ml) of natural water samples was 
spiked with known concentrations (15, 45, 90 nM; 8 samples per concentration) of a single 
amino acid (ARG) prior to passage through a 0.45 IJm polyethersulfone membrane filter 
(Supor®, Gelman Sciences, Ann Arbor, Michigan, USA). The samples were frozen (-20 
°C) and were freeze-dried (Super Modulyo, Edwards, Crawley, W. Sussex, UK) for 
approximately 96 h. The samples were re-hydrated with 1 ml Milli-Q water to give final 
concentrations of 75 nM, 225 nM and 450 nM. Derivatization and HPLC analysis 
immediately followed re-hydration. The results showed that recovery of ARG ranged from 
87- 92%, and did not appear to be dependent on concentration (Figure 2.6) . 
100 
90 
-l 
13' 80 
Q) 
-o 
70 "0 
et! 
et! 60 
-0 
-
-0 50 
;:,.!( 
0 
>. 
40 
'--
Q) 30 > 0 
() 
Q) 20 
'--
10 
0 
0 10 20 30 40 50 60 70 80 90 100 
arginine concentration (nM) 
Figure 2.6 Recovery of ARG after freeze drying and re-hydration. (Vertical lines represent 
s.e. , n = 8). 
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The conclusion was that this method of sample pre-concentration allowed good recovery 
rates and allowed many samples to be simultaneously processed with minimal amino acid 
loss or contamination. 
As discussed in Chapter 1, the results following HPLC analysis without pre-hydrolysis of 
samples are defined as DFAA. The methodology for hydrolysis of samples to determine 
DTAA and DCAA are described in the next section. 
2.4.1 Procedure for the determination of dissolved total and combined amino acids 
Generally, hydrolysis of soil proteins and peptides is performed using a strong acid at an 
elevated temperature over several hours. However, there are variations in the exact 
procedure such as type and strength of acid, temperature and length of time of hydrolysis, 
which was discussed in Chapter 1. 
The water samples were hydrolysed using an adaptation of a procedure developed by 
Chapman et al. (1988). This procedure was chosen because it had been used to analyse 
amino acids in aqueous samples at concentrations similar to those found in this study. 
The procedure, and the adaptations to it, are described below. 
2.4.2 Preparation of hydrolysis vessels 
Glass ampoules with a volume of 2 ml (Scientific Laboratory Supplies Ltd., Nottingham, 
UK) were used as hydrolysis vessels. In order to avoid any possible contamination of 
samples, the glass ampoules were pre-prepared by immersion in a 10 % solution of high 
grade purity HCI (Merck) overnight. The ampoules were then rinsed several times in Milli-
Q water and were left to drain upside down overnight. The ampoules were placed in an 
acid washed and rinsed beaker, covered with aluminium foil, and were baked in a muffle 
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furnace at 560 oc for an initial 30 min and then at 500 oc for 6 h. Once the oven had 
cooled, the ampoules were removed and stored upside down in a sealed container until 
required. The combustion of the ampoules also pre-stressed the glass prior to hydrolysis 
of samples. Any ampoules with visible damage were discarded. 
2.4.3 Preparation of samples and hydrolysis procedure 
A 500 IJI aliquot of water sample was placed in a prepared ampoule to which 500 IJI of 12 
N HCI was added to give a final concentration of 6 N HCI. A 50 IJI aliquot of a 12.5 IJM 
solution of a-amino butyric acid (ABA) was added as an internal standard to give a pre-
injection concentration of 0.625 IJM. All solutions were handled using individual acid 
washed glass dropping pipettes, fixed to an air displacement pipette. 
The mixture was carefully degassed with helium for 2 min using a clean capillary tube 
insert into the liquid in order to remove oxygen. The samples were then frozen in liquid N2 
and the ampoules flame sealed under vacuum (30 mm Hg). 
The sealed ampoules were placed in an oven and heated to 110 °C for 24 h. Once cool, 
the samples were re-frozen in liquid N2• The ampoules were opened carefully and placed 
over granulated potassium hydroxide in a desiccator under vacuum (400 Pa), until 
evaporated to dryness (-24 h). Once dry, 500 1-11 of Milli-Q water was added and was 
carefully swilled round the ampoules for 1 min to rehydrate the residues. The resultant 
solution was transferred to clean autosampler vials using individual pre-cleaned glass 
pipettes and analysed as soon as possible using the previously described HPLC method. 
The values for DCAA were obtained by subtracting the value of DFAA from the DTAA 
value, following hydrolysis, for each sample. 
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2.5 Evaluation of the hydrolysis method. 
The hydrolysis technique was initially evaluated using a protein standard, bovine serum 
albumin (BSA), obtained from Sigma-Aidrich, Poole, Dorset, UK (catalogue no. P7656). 
The lyophilised BSA (1.98 mg) was packaged dry in a sealed vial, to which 4.96 ml of 
Milli-Q water was added to make up a solution with a concentration of 400 J.Jg ml' 1 of 
protein. The hydrolysis procedure (described in section 2.4.3) was carried out on 5 BSA 
samples. Recovery of BSA in hydrolysates was determined by comparing the number of 
moles of each amino acid recovered to the theoretical number of moles in the amount of 
sample analysed (Haurowitz, 1950). The mean recovery of amino acids was 74% ±14% 
(Table 2.4). 
Each time a batch of samples was hydrolysed, 3 samples of BSA were also hydrolysed, 
using the above same conditions and procedure, in order to test the efficacy of the whole 
process. Similarly, 3 samples of Milli-Q +the internal standard (blanks) were hydrolysed to 
test for possible contamination. Any peaks detected were identified, integrated and the 
result subtracted from the relevant amino acid species from the hydrolysed natural water 
samples. 
Amino acid Theoretical amount (pmol) recovery (%) %cv 
ASP 106 75 13.7 
GLU 145 59 10.7 
SER 52 87 10.5 
HIS 33 106 24.2 
GLY 31 86 11.9 
THR 63 72 12.9 
ARG 51 59 11.0 
ALA 91 79 8.8 
TYR 35 75 10.7 
VAL 66 57 14.1 
PHE 52 64 11.0 
ILE 28 59 24.4 
LEU 120 67 12.4 
LYS 114 71 9.1 
Table 2.4 Theoretical amount of amino acid in a 1.39 x 10·6 g ml'1 aqueous solution of 
BSA calculated from Haurowitz, 1950; % recovery following acid hydrolysis (%cv = 
correlation coefficient). 
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2.6 Nitrogen analysis 
2.6.1 Total nitrogen 
The equipment used for analysis of TN was constructed from various units by the author 
as there was no "off the shelf' analyzer available (Figure 2.7). The main analysis unit 
consisted of a Skalar 5101 segmented flow analyzer which had been set up for TN 
analysis with the necessary tubing, glassware and UV digestion tube (Skalar Analytical 
B.V., Breda, Netherlands). This unit was connected to a Bemas autosampler (Burkard 
Scientific, Uxbridge, Middx, UK), a Grant FH15 heated water pump (Grant Instruments 
Ltd, Cambridge, UK) and a Corning Colorimeter 252 (Ciba-Corning, Halstead, Essex, UK) 
for colorimetric determination. Output from the colorimeter was to a Lloyd Graphic 450 
chart recorder (Seatallan Ltd, Southhampton, UK). 
to waste 
autosampler chart recorder 
11111111 colorimeter 
segmented flow analyzer 
Figure 2. 7 Simple diagram to show the component parts of the equipment used to analyze 
for total nitrogen. 
The automated methodology for TN was based on the oxidative digestion of reduced 
inorganic and organic N compounds to nitrate (N03-) by di-potassium peroxodisulphate at 
70 °C, catalysed by UV light. Thereafter the N03- is reduced to N02- by granulated 
cadmium/copper and determined by the Griess reaction , in which sulfanilamide and N-1-
napthylethylenediamine dihydrochloride react with N02- in an acidic solution to form an 
intensely coloured azo dye, with an absorption maximum at 540 nm (Griess, 1879). 
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The original Skalar chemistry (Houba et al., 1987; Kroon, 1993) was modified in the 
current study, to prevent background colour formation produced from the partial digestion 
of the ammonium chloride buffer at the Griess reaction stage by residues of di-potassium 
peroxodisulphate from the digestion phase. The presence of background colour resulted 
in greatly reduced sensitivity and decreased the signal to noise ratio. The buffer was 
therefore substituted with tri-sodium citrate/potassium sodium tartrate. Also Milli-Q water 
was used to make up all reagents and for the autosampler wash between each sample, 
since there was sufficient N in deionised water to provide a slight background colour. 
These changes achieved a very stable baseline and the required sensitivity in the range of 
0.1 - 2.0 mg N I ·1• 
Standard curves were produced from the digestion of nicotinic acid as an organic 
standard. Sodium nitrite and sodium nitrate standards were also analysed to test the 
efficacy of the oxidative digestion and cadmium/copper reduction processes respectively. 
Quality control was assessed both internally and externally using the Aquacheck 
Proficiency Testing Scheme (International Proficiency Testing and Benchmarking for 
Analytical Laboratories, Water research Centre, Ltd, Medmenham, Bucks, UK). The 
detection limit was in the range of 0.1 - 5 mg TN 1" 1 with a linear response (r = 0.9986), 
and the analysis rate was 25 samples h· 1• 
2.6.2 Inorganic nitrogen 
Samples were simultaneously analysed for oxidised and reduced forms of IN using a 
purpose-built Skalar automated segmented flow method (Kamphake et al., 1967; 
Kempers and Luft, 1988). Nitrate was reduced to N02. using hydrazinium sulphate and 
determined using the Griess reaction described previously. 
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The procedure for ammoniacal N (NH/, NH3•) analysis. was based on a modified 
Berthelot reaction whereby ammonia is chlorinated to a monochloramine intermediate 
which reacts with salicylate to form a secondary intermediate, 5-aminosalicylate. 
Nitroprusside stabilises the monochloramine and assists in the oxidative coupling of 5-
aminosalicylate with salicylate to form a green coloured indophenol dye, which is 
measured colorimetrically at 660 nm (Krom, 1980; Searle, 1984). Detection limits ranged 
between 0.5- 5 mg N 1" 1 for N03 • and 0.2- 10 mg N 1" 1 NH/. 
2.6.3 Organic nitrogen 
The ON fraction of the sample was determined by the difference between the 
concentration values for TN and IN. 
2.7 Carbon analysis 
Samples were analysed for TC and IC using an automated Skalar CA10 carbon analyser 
(Skalar Analytical B.V., Breda, Netherlands). Briefly, the procedure is as follows. Samples 
are injected into two separate injection ports one for TC and one for IC. In the case of TC, 
helium, scrubbed of carbon dioxide and moisture, is used to carry the sample from the 
inject port into a heated (950 ac) quartz reactor containing cobalt oxide catalyst which 
oxidizes all forms of C to carbon dioxide. 
In the case of IC, the carrier gas passes through a condensation trap to remove moisture 
and then carries the sample from the injection port to a reaction chamber' containing 20 % 
ortho-phosphoric acid which decomposes IC to carbon dioxide at room temperature. 
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After passing through a copper scrubber to remove chlorine, the carrier gas stream 
passes into a Peltier cooler (4 ac) to condense out any remaining water vapour and the 
carbon dioxide is measured in an infra red detector at 4.2 IJm. 
2. 7.1 Organic carbon 
The OC fraction of the sample was determined as the difference between the 
concentration values for TC and I C. 
Anal~e Method Limit of detection Reference 
Pre-column derivatization with 
OPA/2-mercaptoethanol. Lindroth and 
Amino Acids Separation on column containing 5 0.3 pmol- 2.0 IJM Mapper {1979) 1Jm octodecylsilane, using sodium Evens et al. (1982) 
acetate/ methanol mobile phase at 
1.5 ml min ·1• 
Total Persulphate digestion at 70° C and 0.1-5 mg N 1" 1 Houba et a/.(1987) Nitrogen UV catal~sis to form nitrate. Kroon (1993) 
Nitrate reduction by 
cadmium/copper to nitrite. 
Inorganic Formation of azo dye with 
sulphanilamide and N-1· 0.5-5 mg N 1"1 Greiss {1897) Nitrogen 
naphylethylenediamide 
dihydrochloride. Measured 
colorimetricall~ at 540 nm 
Chlorination of ammonia with 
Inorganic salicylate and nitrosprusside to form 0.2- 10 mg N 1" 1 Krom (1980) Ammonium green indophenol dye. Measured Searle ( 1984) 
colorimetricall~ at 540 nm 
Organic Determined by difference: Total nitrogen - (inorganic 0.1·5mgNI"1 Nitrogen 
nitrogen+ inorganic ammonium) 
Oxidation of all forms of carbon to 
Total carbon dioxide with cobalt oxide in EPA Method: 415.1 
Carbon a heated quartz reactor (950 o C). 0.05 · 6000 mg C 1"
1 
(USEPA, 1983) Measured with infra red detector at 
4.2 m 
Decomposition of carbon to carbon Standard Methods: 
Inorganic dioxide with ortho-phosphoric acid. 0.05 · 6000 mg C 1" 1 531 OB (American Carbon Measured with infra red detector at Public Health 
4.2 ~m Association, 1998) 
German Standard 
Organic Determined by difference: Method: DIN 38409 0.05 · 6000 mg C 1" 1 H3 (Deutsches Carbon Total carbon- inorganic carbon lnstitut fur Normung 
e.V., 2001 
Table 2.5 Summary of the techniques used for the analysis of amino acids, nitrogen and 
carbon. 
J. M B. Hawkins 2004 70 Chapter3 
-------------------------------------------------------------------
University of Plymouth 
/GER North Wyke 
3.1 Overview 
Chapter 3: Field experimental 
This chapter describes the experimental field site that was used for the collection of 
overland flow or surface runoff, sub-surface lateral flow and drainage water samples. The 
procedure for the collection and processing of water samples prior to the analysis for AA 
is also explained. 
3.2 Description of the field site 
Field scale measurements were carried out on an existing experimental site that had been 
set up in 1982. The site, known as the Rowden Drainage Experiment, was originally 
established in order to investigate the effects of inorganic fertilizer input and land drainage 
on herbage production, animal performance and nutrient losses from permanent and 
reseeded grassland overlaying impervious subsoils. 
The site chosen for the Drainage Experiment was an area of previously unimproved and 
poorly drained pasture land on the farm at IGER, North Wyke, Okehampton, Devon, 
previously known as Rowden Moor (3° 55' W, 50° 47' N; Ordinance Survey grid reference: 
SX650995. The site had been extensively grazed with sheep and cattle and had received 
no inorganic fertilizer inputs for the previous 40 years (Plate 3.1 ).The site is 180 m above 
sea level and the ground has a slope of 5 - 1 0 % from west to east. The mean annual 
rainfall for this area is 11 00 mm. Monthly meteorological averages are given in Appendix 
A, Table A.1. 
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Plate 3.1 Aerial view of the Rowden Drainage Experiment (highlighted in white). Taken 
Spring 1999. 
3.2.1 Soil characteristics 
The soil has been classified as a clayey non-calcareous pelo-stagnogley (Avery, 1980) of 
the Hallsworth series (reclassified from the Tedburn series; Clayden (1984 )) and is 
representative of much of the permanent pasture land in the UK (Boorman et al. , 1995). 
Under the USDA system of soil taxonomy, the soil is classed as a typic haplaquept 
(USDA-SCS, 1975). The soil overlays the Carboniferous Crackington Formation (a 
division of what has historically been termed by geologists as the "Cui m Measures") which 
primarily consists of clay shales which, when saturated with water, readily degrade to form 
clay. 
The combination of high annual rainfall coupled with a clay subsoil and <1 0 mm d-1 
hydraulic conductivity (Armstrong and Garwood, 1991 ), means that, for much of the winter 
season, the soils are waterlogged. As a result excess rainfall is only removed from 
undrained soil via overland surface runoff and sub-surface lateral flow. A description of an 
example of the soil profile for the Hallsworth series is given in Table 3.1 and typical 
physical and chemical properties are given in Table 3.2. 
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Horizon Depth (cm) Characteristics 
Agh 
Bg 
BCg 
0-20 
20-46 
50+ 
Dark grey (1 0 YR 4/1) clay loam, silty clay loam, clay or silty clay with many fine and medium rusty mottles along roots and on 
fissure faces; slightly or moderately stony with small to large angular sandstone and shale fragments, variably developed fine or 
medium subangular blocky structure, development depending on management or stocking. 
Light grey to light olive grey (1 0 YR to 5 Y 6/1 or 2) clay with many prominent medium mottles of strong or yellowish brown ( 7.5 
or 10 YR 5/6-8) in ped interiors; slightly stony with small and medium angular sandstone. and shale pieces; moderately or 
strongly developed coarse or very coarse prismatic structure; high packing density; roots concentrated on ped faces. 
Light grey to grey (1 0 YR- 5 Y 6/1) clay with many prominent mottles of strong or yellowish brown ( 7.5 or 10 YR 5/6-8), some 
profiles also having common red mottling; moderately or very stony with shale and sandstone fragments; apedal massive or 
less expressed than in Bg horizon. This horizon can extend for 2-3 m, eventually resting on shale. 
Table 3.1 Soil profile characteristics for the Hallsworth series. Adapted from Harrod, (1981 a). 
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Property Horizon (depth cm) 
Apg (0- 27) Bg (27- 66) BCg1 (66 - 84) BCg2 (84 - 1 07) 
% Sand (600 IJm - 2 mm) 2 7 9 
(200- 600 IJm) 3 4 6 8 
(60- 200 IJm) 8 8 8 9 
%Silt (2- 60 IJm) 50 43 47 47 
%Clay (<2 IJm) 38 43 32 27 
%Fine Clay (<0.2 IJm) 9 10 7 5 
%0C 3.7 0.5 n/a n/a 
pH of soil (water extract) 5.3 6.0 6.1 6.2 
Bulk density ( g cm.3) 0.99 1.31 1.55 n/a 
Water holding capacity(%) 51.3 45.7 33.3 n/a 
Table 3.2 An example of the typical physical and chemical properties for the Hallsworth Series (Burrows Park, North Wyke). Adapted from Harrod, {1981 b), 
(n/a =data not available/applicable). 
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3.3 Design and construction of the Rowden Drainage Experiment 
The Rowden Drainage Experiment originally consisted of 12 lysimeter plots in two blocks 
of 6, each of 1 ha. In 1987, a previously unfertilized area of adjacent permanent pasture 
was incorporated in order to provide two lysimeters each of 0.66 ha (Tyson et al., 1993) 
that were continuously managed with zero input of mineral N fertilizer, thus giving a total 
of 14 lysimeters (Figure 3.1 ). 
Block A 
=-=-=-=@]2 =-=-=-
--- ---
---- - - -
--- ---
--- ------- --
------------
I 1
11 
I 1..._
1
_
1
_
3 
__,
1 1~1~1li~~~!:11 ~~~~~~~i~~~~1~- L--1 _14_ 1_ 
m 
m KEY 
Block B 
~ Drained lysimeter 
c=J Undrained lysimeter 
UJ Lysimeter number 
Figure 3.1 Experimental design of the Rowden Drainage Experiment. 
Each lysimeter was bounded by gravel interceptors to isolate overland surface runoff and 
surface lateral flow (to 30 cm) so that each lysimeter was hydrologically isolated from its 
neighbour. Half of the lysimeters (7) were also drained to 85 cm by tile drains at 40 m 
intervals across the slope, overlain by mole drains at 2 m spacing and a depth of 55 cm 
down the slope (Figure 3.2). This design represented a typical form of field drainage 
management under these soil and hydrology conditions (Armstrong and Garwood, 1991 ). 
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Undrained Lysimeter 
Surface interceptor drain 30 ~ 
from surface 
V-notch weir for surface / 
runoff and surface lateral flow 
Mole channels at 2 m spacing and 
55 cm depth 
Gravel backfill to 30 cm 
from surface 
Pipe drains at 40 m spacing 
and 85 cm depth 
Drained Lysimeter 
Collection pipe / 
Surface interceptor drain 30~ 
from surface 
V-notch weir for surface ~ 
runoff and surface lateral flow / 
Gravel backfill to surface 
Raised soil 
barrier 
Flow recording 
device 
Direction of slope 
Gravel backfill to surface 
Raised soil 
barrier 
Flow recording devices 
V-notch weir for pipe 
drains 
Figure 3.2 Schematic cross section through an undrained and a drained lysimeter to show 
collection and channelling of surface runoff, sub-surface lateral flow and drainage waters 
to V-notch weirs. 
J. M. B. Hawkins 2004 76 Chapter 3 
University of Plymouth 
IGER North Wyke 
Water draining as either surface runoff, sub-surface lateral flow, or through field drains 
was channelled from each individual plot using Y2 goo V-notch weirs (British Standards 
Institution, 1981 ), see Plate 3.2 and Plate 3.3. 
Each weir was fitted with a head recording device to measure flow through the weir. The 
device consisted of a clockwork hydrograph fitted with a monthly chart and a pen attached 
to a float on the surface of the water in the weir. As water levels rose up and down the pen 
made a mark on the chart accordingly (Plate 3.4 ). 
Plate 3.2 Photograph of the weirs servicing the surface and subsurface lateral runoff to a 
depth of 30 cm (left} and drainage to 85 cm (right) from a mole and tile drained lysimeter. 
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Plate 3.3 Photograph of V-notch outflow. 
Plate 3.4 View of head recording device. 
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Drainage was calculated as rainfall minus evapotranspiration. A meteorological recording 
station (North Wyke, Station 88360) is situated 2 km from the Rowden site and data 
obtained were considered representative for the field site. Potential transpiration was 
estimated daily for evaporation of water from a tank, using seasonal correction factors 
(Penman, 1952), and the potential soil water deficit was assumed to equal potential 
transpiration minus rainfall after reaching field capacity. 
The accumulated volume of drainage water (rainfall-evapotranspiration) and the total 
number of litres for each of the winter periods is given in Table 3.3. The number of I 
drainage is based on the principle that 1 mm rainfall on 1 ha is equivalent to 10,000 I of 
drainage. 
Winter Period 
1998-99 
1999-00 
2000-01 
Accumulated 
Rainfaii-Evapotranspiration 
mm 
720.3 
617.7 
868.61 
Table 3.3 Drainage volume for each winter period. 
3.4 Agronomic management 
I ha·' 
7202600 
6177400 
8686100 
Several different agronomic and fertilizer treatments have been imposed on the Rowden 
lysimeters since establishment of the site (Table 3.4). Briefly, these have consisted of a 
range of mineral fertilizer N levels applied to permanent old grassland swards and 
reseeded swards, and swards containing a grass/white-clover mixture with no mineral N 
fertilizer applied. The effects from contrasting drainage hydrology on herbage and animal 
production have been previously reported by Tyson et al. (1992), on nitrate leaching by 
Scholefield et al. (1993) and Tyson et al. (1993). All of the treatments were continuously 
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grazed by beef steers (Limousin x Friesian), typically from the second week of April to the 
first week of November. 
Experimental period 
Plot Hydrology 1982-1993 1993-1996 1998-2001 Number 
1 Undrained Zero N Zero N Zero N 
2 Drained Zero N Zero N Zero N 
3 Drained Grass/Clover Grass/Clover Grass/Clover 
4 Drained Grass/Clover Grass/Clover Grass/Clover 
5 Drained 200 kg N ha· 1 yr" 1 200 kg N ha· 1 yr" 1 200 kg N ha· 1 yr" 1 
6 Drained 200 kg N ha·1 yr ·1 200 kg N ha· 1 yr"1 200 kg N ha· 1 yr" 1 
7 Undrained 400 kg N ha· 1 yr" 1 Tactical BNMP 
8 Undrained 200 kg N ha· 1 yr" 1 Conventional N Conventional N 
9 Drained 400 kg N ha· 1 yr" 1 Conventional N Conventional N (Autumn Reseed) 
10 Undrained Grass/Clover No mineral N BNMP (Spring Reseed) 
11 Undrained 200 kg N ha· 1 yr"1 Conventional N Conventional N 
12 Drained 400 kg N ha· 1 yr" 1 Conventional N Conventional N (Autumn Reseed) 
13 Undrained Grass/Clover No mineral N BNMP (Spring Reseed) 
14 Undrained 400 kg N ha·1 yr" 1 Tactical BNMP 
Table 3.4 Details of the agronomic management changes of the Rowden Drainage 
Experiment, (BNMP= Best Nitrogen Management Practice). 
This study was conducted during the period when the management regime of Rowden 
was as shown in the column marked 1998-2001 in Table 3.4. During this period some of 
the Rowden site lysimeter plots were managed as 'farmlets' under a cutting and grazing 
regime. Each lysimeter was subdivided into 10 sectors (each of 0.1 ha) using movable 
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electric fencing so that areas could be kept purely for grazing (sectors 1 - 3) or for grazing 
and/or cutting for conservation as silage (sectors 4 - 1 0) depending on the intake 
requirement of the animals (Figure 3.3). A core number of animals (4) were kept on the 
lysimeters at all times and were weighed periodically for assessment of liveweight gain. 
Sward measurements were taken daily to asses the amount of grass available for grazing 
and the electric fencing was moved accordingly to either reduce or increase the area for 
grazing to maintain a mean sward height of >0.75 mm. The cut area was managed as a 
conventional 3 cuts per year silage system with applications of FYM in the autumn. 
Block A 
KEY 
- Grazed only 
Block B c::::::::J Cut only 
IIIllllillJ Cut and grazed 
Figure 3.3 Agronomic layout of Rowden Drainage Experiment during the period of this 
study. 
The lysimeters received applications of farmyard manure and compost from animal 
housing from the previous winter. Two different mineral N fertilizer treatments were also 
imposed and these were as follows: 
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Four of the lysimeters (2 drained, 2 undrained) received -280 kg N ha- 1 yr-1 as 
ammonium nitrate (Conventional N) in 8 equal applications of approximately 35 kg N ha-1 • 
Four of the lysimeters (2 drained, 2 undrained) were applied with N according to a fertilizer 
decision support model developed at IGER, North Wyke (Brown et al., 2000). The model 
predicted the optimum level of N necessary for a lowland grass production (BNMP) whilst 
maintaining the nitrate concentration in drainage waters below the EC limit of 11 mg N 1' 1• 
The remaining lysimeters continued under the same management since 1987. 
Each treatment consisted of 2 replicates, with the exception of the Zero N treatment, 
which was non-replicated. 
All the lysimeters received a spring application of 25 kg P ha ·1 as phosphate and 50 kg K 
ha ·1 as potash, except for the grass-clover swards which received 1 00 kg K ha· 1• The 0 -
10 cm soil layer was maintained above pH 6.0 by the addition of lime when necessary. 
The pH of drainage and surface waters was typically at pH 5.5. 
The studies described in this thesis were carried out on the lysimeter plots numbered 1, 2, 
3, 4, 8, 9, 11 and 12. 
3.5 Collection and preparation of field drainage samples 
During 3 winter drainage periods (October - March, 1998-99, 1999-00, 2000-01 ), water 
samples were collected from the input pipe serving each V-notch weir (Plate 3.5), 
approximately once week ·1 from the conventional N, grass clover and zero N treatments. 
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Plate 3.5 Inlet pipe to weir from where the water samples were collected. 
The samples were collected using acid washed and Milli-Q rinsed Nalgene HOPE wide-
mouth bottles (125 ml) obtained from Merck. The bottles were rinsed several times with 
the water at the collection point before the actual sample was taken. 
Exactly 100 ml of the each of the samples were filtered through a 0.45 pm 
polyethersulfone membrane filter (Supor ®, Gelman Sciences) under a vacuum of 533 Pa, 
into fresh Nalgene bottles and were frozen at -20 oc within 2 h of collection. The 
remainder of the sample was used for analysis of TN, N03--N, NH/ -N, ON, TC, IC and 
OC. 
Quantities of Milli-Q water (3 x 1 00 ml) were treated in exactly the same manner as the 
water samples, to test for possible contamination resulting from the various stages of 
sample preparation. Just before the samples were loaded into the freeze-dryer, the bottle 
lids were removed and replaced with aluminium foil that was perforated in situ using a 
sterile syringe needle. This was to facilitate the removal of water during the freeze-drying 
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process. The samples were freeze-dried for -96 has described previously and were kept 
at 4 oc until they could be analyzed. 
Immediately prior to analysis, the samples were re-hydrated in 1 ml Milli-Q water and were 
filtered through a 0.2 Jlm polyethersulfone membrane filter (Super®, Gelman Sciences) 
into clean autosampler vials. Prior to filtering, the samples were very occasionally brown 
coloured; in particular those samples from the Conventional N undrained lysimeters taken 
at the start of the drainage period. The colouring was due to the presence of what 
appeared to be colloidal humic substances that were removed from solution upon filtering 
(Plate 3.6). There was also a particularly pungent smell associated with these highly 
coloured samples. lt is possible that this colloidal material may have contained amino 
acids which would not have been accounted for when the samples were analysed. 
Unfortunately, time did not permit determination of the filtered material for amino acid 
content, but is worthy of further investigation. 
Blank 
Zero N 
Grass/clover 
Conventional N undrained 
Conventional N drained 
Plate 3.6 Photograph showing the humic substances collected on 0.2 ~m filter papers 
after the filtering of samples following freeze drying. 
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3.6 Analysis of field drainage samples 
The samples were analysed for amino acids using the procedure described in Chapter 2, 
Section 2.2. An amino acid standard, at the appropriate concentration, was injected at the 
beginning, middle and end of a sample run. Milli-Q water blanks were also injected at the 
beginning, middle and end of the analysis to quantify levels of background noise. 
The next chapter (Chapter 4) reports the results for IN, TN, DOC, DON, DFAA, and DCAA 
in surface runoff, surface lateral flow and drainage waters that were collected from the 
experimental site described above. Henceforth, surface runoff and sub-surface lateral flow 
are collectively referred to as surface runoff and water from the field drains is referred to 
as drainage. 
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Chapter 4: Amino acids in surface runoff and drainage waters 
4.1 Overview 
This chapter gives the results and discussion of the results from the analysis of surface 
runoff and drainage waters from the Rowden Drainage Experiment described in the 
previous chapter. Water samples were collected and analysed throughout 3 winter 
drainage periods for TN, IN, DON, DOC, DTAA, DFAA, and DCAA. The results of DON 
and DOC, DFAA, and DCAA are also presented from an intensive sampling of one 
lysimeter during a storm event. 
The structure of this chapter is that firstly an overview of the results for TN, IN (NH/-N, 
N03"-N), DON and DOC for each of the treatments and drainage periods is given. The 
results for both DFAA and DCAA are then presented as follows. Firstly an overview of the 
general range of total amino acid concentrations is given for each year of sampling 
followed by a summary of individual amino acid concentrations, their distribution and 
ranking for each year based on concentration and for the 3 years collectively. This is 
followed by individual amino acid concentration differences between treatments. Patterns 
of amino acid distribution, expressed on a relative molar distribution basis, are then 
examined using various pattern recognition techniques, which are described in Section 
4.3.1.2. Similarities and differences between DFAA and DCAA patterns are considered. 
The relationships between amino acid and DON and DOC concentrations are discussed. 
The results and discussion of DFAA, DCAA, DOC and DON content of surface runoff and 
surface lateral runoff waters following an intensive sampling from one of the undrained 
lysimeters during a 48 h storm event, are also included. 
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4.2 Inorganic N and dissolved organic N and C. 
Water samples collected from surface runoff and drainage waters during the winter 1998-
99, 1999-00 and 2000-01 were analysed for TN, IN, TC, DON and DOC as described in 
Chapter 2, Sections 2.7 and 2.8 and the results are shown in Tables 4.1, 4.2 and 4.3. 
As might be expected, the largest mean concentrations of IN (NH/-N, N03'-N) were from 
soils receiving inorganic N fertilizer inputs (CU, CD). Concentrations of IN were typically 
largest at the start of the winter drainage periods (Sept/Oct) with a gradual decrease in 
concentration by the following spring (data not presented). 
For all 3 winter drainage periods, DOC concentrations were significantly greater in the 
runoff waters from undrained lysimeters receiving mineral N fertilizer (p <0.001 ). This 
observation has also been reported previously in other studies carried out at this site 
(McTiernan et al., 2001 ). There were no significant differences in DON concentrations 
between treatments. However, in general, DON made a larger contribution to TN in waters 
from soils that had no inorganic N fertilizer input. The mean DOC : DON ratios were 
significantly different (p <0.001) between treatments for all 3 of the winter drainage 
periods. 
Treatment NH;-N N03·-N TN DON DOG DOC:DON (mg N 1' 1) (mg N 1' 1) (mg N 1' 1) (mg N 1'1) (mg C 1' 1) ratio n 
ZU 0.1 0.3 0.9 1.0 19.0 20.2 14 (0.02) (0.12) (0.19) (0.12) (2.1 0) (6.7) 
ZD 0.1 0.3 0.6 0.3 8.5 26.9 14 (0.02) (0.05) (0.12) (0.07) (1.58) (7.5) 
GCD 0.1 1.2 1.7 0.6 12.5 18.3 28 (0.02) (0.15) (0.21) (0.07) (1.44) (2.5) 
cu 0.2 8.4 8.3 1.3 39.7 21.7 28 (0.07) (3.46) (3.07) (0.18) (4.90) (4.7) 
CD 0.3 7.6 8.2 1.1 11.3 12.0 28 (0.09) (3.27) (3.07) (0.17) (1.04) (4.0) 
Table 4.1 Mean concentrations of inorganic N and organic N and C for 1989-99 winter 
drainage samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover 
drained, CU = Conventional N undrained, CD = Conventional N drained; standard errors 
in parenthesis; n = number of samples). 
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Treatment NH/-N (mg N 1" 1) 
zu 0.1 (0.05) 
ZD 0.2 (0.04) 
GCD 0.2 (0.03) 
cu 0.3 (0.09) 
CD 0.4 (0.1 0) 
N03·-N TN 
(mg N 1" 1) (mg N 1" 1) 
0.1 1.3 
(0.06) (0.61) 
0.2 3.0 
(0.05) (1.06) 
0.5 2.2 
(0.08) (0.70) 
2.6 2.7 
(0.30) (0.34) 
2.8 3.0 
(0.55) (0.59) 
DON DOC DOC:DON 
(mg N 1" 1) (mg C 1" 1) ratio n 
1.2 11.7 16.4 11 
(0.61) (1.89) (2.4) 
1.9 5.1 11.0 11 
(0.88) (0.85) (2.7) 
1.1 7.1 14.1 22 
(0.57) (1.02) (2.1) 
2.2 33.9 16.8 22 
(0.21) (3.29) (1.6) 
1.6 20.5 14.4 22 
(0.20) (2.78) (1.9) 
Table 4.2 Mean concentrations of inorganic N and organic N and C for 1999-00 winter 
drainage samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover 
drained, CU = Conventional N undrained, CD = Conventional N drained; standard errors 
in parenthesis; n =number of samples). 
Treatment NH/-N N03"-N TN DON DOC DOC:DON (mg N 1" 1) (mg N 1" 1) (mg N 1" 1) (mg N 1" 1) (mg C I"') ratio n 
zu 0.1 0.6 0.6 0.5 11.7 22.1 29 (0.06) (0.02) (0.02) (0.02) (0.69) (1.6) 
ZD 0.1 0.5 0.6 0.4 7.2 20.4 29 (0.02) (0.03) (0.03) (0.03) (0.38) (1.8) 
GCD 0.2 0.8 1.0 0.5 9.8 20.4 58 (0.05) (0.04) (0.05) (0.03) (0.59) (1.6) 
cu 0.3 2.4 2.5 1.1 18.2 18.0 58 (0.08) (0.97) (0.96) (0.05) (0.61) (0.9) 
CD 0.4 3.6 3.7 0.8 12.8 17.4 58 (0.09) (1.79) (1.79) (0.04) (1.04) (1.9) 
Table 4.3. Mean concentrations of inorganic N and organic N and C for 2000-01 winter 
drainage samples (ZU = Zero N undrained, ZD = Zero N drained, GCD = Grass/clover 
drained, CU = Conventional N undrained, CD = Conventional N drained; standard errors 
in parenthesis; n = number of samples). 
4.3 Amino acids 
The collection and analyses of water samples over the 3 winter drainage periods has 
resulted in a large database of 432 DFAA and 432 DCAA distributions. This has provided 
the opportunity to explore temporal variation and differences attributable to agronomic and 
hydrological variables, within the patterns of distribution. 
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4.3.1 Data transformation, statistical analyses and pattern recognition 
All statistical analyses and biometric procedures were performed using Genstat© 71h 
Edition, (Lawes Agricultural Trust, Rothamsted Experimental Station, UK). 
Distribution analyses showed that both the DFAA and DCAA concentration data were 
skewed and thus they were transformed logarithmically (log 10) prior to any subsequent 
analysis of variance (ANOVA). 
In order that direct comparisons could be made between patterns of amino acid 
distribution e.g. over time and from different fertilizer/hydrological management, it was 
necessary to standardize the data so that any patterns arising from differences in absolute 
concentration were negated. For each sample, the concentration data for both DFAA and 
DCAA were converted to give the ratio of each individual amino acid concentration as a 
percentage of the sum of the amino acid concentrations, described by the following 
equation: 
!AA 
o/oRMD =" xiOO 
L..IAA 
Equation 4.1 Calculation of % relative molar distribution. 
Where /AA is the concentration of each individual amino acid. Henceforth, patterns of 
distribution are expressed as % relative molar distribution (%RMD). 
Some of the procedures described below, such as Lin's concordant correlation and 
principal coordinates analysis, do not function if there are missing data values, as they 
operate on similarity matrices. Missing data was therefore estimated using a procedure in 
Genstat (MUL TMISSING) that calculates missing values using an iterative regression 
technique. The Genstat manual describes the procedure thus: 
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'Initial estimates of the missing values in each variate are formed from the variate means 
using the values for units that have no missing values for any variate. Estimates of the 
missing values for each variate are then recalculated as the fitted .values from the multiple 
regression of that variate on all the other variates. When all the missing values have been 
estimated the variate means are recalculated. If any of the means differs from the 
previous mean by more than a tolerance (the initial s.e. divided by 1 000) the process is 
repeated, subject to a maximum number of repetitions defined by the MAXCYCLE option' 
(Payne et al., 2003). 
4.3.1.1 Graphical presentation of data 
The concentration data are presented using rug plot graphs, which display the distribution 
of all the data as a series of short horizontal lines on the Y axis, positioned at each value 
of the individual amino acids. A graphical procedure in Genstat (TRELLIS) was used to 
show %RMD data as it enables the simultaneous plotting of graphs of one or more 
variates divided into levels or groups specified by the user. This method was chosen as a 
good way of presenting complicated multivariate data sets in order to illustrate the 
behaviour and thus variability of amino acid species within treatments, both during and 
between years. 
4.3.1.2 Pattern Recognition Techniques 
The various mathematical and statistical techniques that were used to explore the DFAA 
and DCAA data for patterns are described below. 
Mathematical and statistical techniques, largely based on factor analysis, have been 
designed to extract useful information from multivariate or multidimensional datasets 
where patterns in the data may not be obvious by eye. Traditionally, these techniques of 
pattern analysis have been used to form taxonomic classifications of plants based on 
various traits. More recently, the techniques are being applied to multivariate data 
resulting from laboratory analytical procedures (Brereton, 1990; Miller and Miller, 1993). 
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The main objective behind much of pattern analysis is to project multidimensional data 
describing objects into 2 dimensional space. In other words they are data reduction 
techniques. 
Hierarchical cluster analysis is a useful way to visualise how objects are grouped, based 
on similarity between variates. The analysis uses symmetric matrices of similarity or 
dissimilarity coefficients of the variates between objects from which it forms groups, 
usually based on geometric distance between the coefficients (Mead et al., 2003). 
Principal coordinates analysis calculates the similarity between matrix items, the results of 
which can be displayed as a minimum spanning tree as a further visual aid. 
Principal components analysis (PCP) is a procedure that creates a new set of 
independent variables based on linear functions of the original variables, whilst retaining 
as much information about the original variation as possible (Mead et al., 2003). A biplot 
graphing procedure was combined with the matrix outputs from PCP in order to visualize 
the results (Gabriel, 1971 ). Briefly, biplot superimposes column effects and row effects so 
that they are plotted together. Objects are plotted as points and variates as vectors. The 
narrower the angle between the radiating lines of the vectors, the closer the association 
between variates. The length of the vector lines also indicates the weighting of the variate 
to the analysis. The closer the objects or points are to the vector lines, the closer the 
association of the objects with grouping of variates. 
Discriminant analysis, a statistical approach similar to the concept of multiple regression, 
was used to determine the linear combination of independent variables which best 
discriminates between groups. The procedure can be used to model objects or units into 
classes based upon a supervised pattern recognition of variables. Once a model has been 
established it can be used to predict the membership class for unknown or unclassified 
samples. The algorithm models patterns of objects using predefined classes and, based 
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on the calculated discriminant function, re-allocates if necessary to whichever class is 
appropriate. The procedure uses canonical variates analysis to compute the scores for 
group means and loadings of the individual units. A matrix of the units by each variable is 
constructed and vectors are calculated, which adjust the unit scores and allow the data to 
be projected onto the same scale as the group means. The Mahalanobis squared 
distance of each unit from the location of the point, which represents the mean of each of 
the groups (centroid), is calculated. Each unit is then assigned into its most likely group, 
depending on the smallest Mahalanobis squared distance to that group mean (Mardia et 
al., 1979). 
The pattern recognition techniques described above are essentially graphical data 
analysis techniques that provide qualitative rather than quantitative information as an aid 
to visualising the data. In order to provide statistical evidence of continuity/discontinuity in 
patterns of amino acids between treatments over time, the data was tested using Lin's 
concordance correlation (Lin, 1989; Lin, 2000). This procedure calculates the variation of 
fitted values from a line (the concordance line) passing through the origin at an angle of 
45°. Two correlation coefficients are produced from the analysis. The first, Pc, gives a 
measure of the closeness of fit between the variables and the second, Cb, (bias correction 
factor) gives a measure of the deviation of the best fitting line from the 45° concordance 
line. The closer Pc is to unity, the closer the correlation between the variables. The closer 
Cb is to unity, the closer the data is to the concordance line and gives a measure of the 
amount of overall shift in the values of a dataset. Therefore, the procedure provides a 
meaningful statistic with which to identify the similarity or dissimilarity of patterns and how 
they may be changing. 
The extent to which two similarity or distance matrices describe the same relationships 
among the units were tested by comparing their off-diagonal elements (Spearman's rank 
correlation) using the MANTEL procedure in Genstat (Mantel, 1967). 
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4.3.2 Dissolved free amino acids 
4.3.2.1 Summary of yearly total dissolved free amino acid concentrations 
A summary of the range of total DFAA concentrations (sum of individual concentrations) 
for each winter sampling period is given in Table 4.4. 
Drainage Mean 
period (nM) 
Minimum Maximum 
(nM) (f!M) n 
1998-99 76.4 1.7 1.4 112 
1999-00 67.5 0.6 0.8 88 
2000-01 461.2 3.6 6.1 232 
Table 4.4 Mean and range of total DFAA concentration for each drainage period (n = 
number of samples). 
The data show that there was large variability in the range of concentrations within years 
and in the maximum total concentration between years. Concentrations in drainage and 
runoff waters during each of the first 2 sampling years were comparable, but the mean of 
the third year was 7 fold that of the previous. The overall mean total DFAA concentration 
was 280 nM with a range of 0.6 nM - 6.1 IJM. Generally, total DFAA concentrations were 
larger and there was more variability between lysimeters at the beginning of the winter 
drainage period compared with the end, for each of the years (Figure 4.1 a, b, c). 
Within treatments, mean total DFAA concentrations generally followed the order of 
Conventional N undrained > Zero N drained > Conventional N drained > Grass/clover 
drained> Zero N undrained (Table 4.5). 
Treatment Mean Minimum Maximum 
(nM) (nM) (nM) n 
zu 202.1 0.9 2761.4 54 
ZD 300.6 2.6 5674.3 54 
GCD 238.5 0.5 2722.0 108 
cu 352.9 5.4 6105.2 108 
CD 277.8 1.4 2903.4 108 
Table 4.5 Treatment means and range of total DFAA concentrations (n = number of 
samples). 
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Figure 4.1 Means of lysimeter total DFAA concentrations for the sampling periods (a) 
1998-99, (b) 1999-00, (c) 2000-01.Verticallines represent s.e. 
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No correlation was found between total DCAA concentration and either NH4 +_Nor N03--N. 
4.3.2.2 Individual dissolved free amino acid concentrations 
The distribution of all the individual DFAA concentration data is shown as a rug plot in 
Figure 4.2. The figure gives an indication of which amino acids show the most variation in 
concentration. For instance, ASP, HIS, THR, ARG, PHE, ILE and LEU showed little 
variation across the whole dataset in comparison to SER, GL Y, ALA and L YS. A full 
summary of the range and mean and variation of the individual DFAA concentrations for 
each year is given in Appendix B: Tables 8.1 - 8.3. 
Briefly, concentrations in the 1998-99 data ranged between 0.01 nM to 334 nM with an 
overall mean of 6.0 nM. (Appendix B: Table 8.1 ). Concentration in the 1999-00 data 
ranged between 0.01 nM and 770 nM with an overall mean of 6.1 nM (Appendix B: Table 
8.2). Concentrations in the 2000-01 data were between 0.01 nM to 2.5 iJM with an overall 
mean of 43 nM (Appendix B: Table 8.3}. 
it is worth noting that the largest concentration recorded for MET (2.14 iJM) was in a water 
sample from one of the drained conventional N applied lysimeters, taken near the end of 
April 2001 (Appendix B: Table 8.3). Samples taken on this date from the other lysimeters 
also contained larger MET concentrations than usual, although no reason for the elevated 
concentration was found. The results for this date could well be an anomaly since MET 
was very often below the limit of detection or absent and should therefore be regarded 
with caution. 
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Figure 4.2 Rug plot showing the distribution of all the DFAA concentration data (n = 432). 
The mean of the individual DFAA concentrations for each of the 3 years are shown in 
Figures 4.3 a, b, c. The figures show that the most abundant amino acid and overall 
distribution pattern varied between years. 
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Figure 4.3 Mean DFAA concentrations in water samples taken during winter (a) 1998-99 
(n = 112), (b) 1999-00 (n = 88), (c) 2000-01 (n = 232). Vertical lines represent s.e. 
A summary of DFAA concentrations for the 3 years collectively is given in Table 4.6 The 
overall mean of individual DFAA concentrations was 25 nM. L YS, SER, GL Y, ALA and 
GLU had by far the largest mean concentrations. The mean for MET should be treated 
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with caution due to the unexpectedly large values for one sampling occasion, mentioned 
previously, which heavily influenced the overall mean. When the data for the sampling 
date in question were removed from the dataset, the mean value for MET was 27.08 nM. 
Amino acid Minimum Maximum Mean s.d. %cv 
ASP 0.02 247.4 15.8 37.0 233 
GLU 0.02 1000.0 18.5 79.0 425 
SER 0.02 1478.4 41.6 125.4 301 
HIS 0.01 543.7 8.9 36.1 403 
GLY 0.11 1157.1 54.5 151.6 278 
THR 0.01 236.4 11.5 31.1 269 
ARG 0.03 460.7 9.4 37.1 395 
ALA 0.26 1055.3 35.9 114.2 317 
TYR 0.01 300.1 9.5 33.8 356 
MET 0.01 2136.7 43.4 176.5 407 
VAL 0.06 338.7 15.3 37.5 244 
PHE 0.01 101.4 4.7 10.0 211 
ILE 0.03 169.9 10.3 24.7 240 
LEU 0.01 202.0 10.3 26.5 256 
LYS. 0.06 2538.0 90.9 329.9 362 
mean 0.04 797.7 25.4 83.3 313 
Table 4.6 Summary of DFAA concentrations (nM) in water samples for the 3 years 
collectively, (s.d. = standard deviation, %cv =coefficient of variation, n = 432). 
The 2000-01 concentration data contributed the largest influence on the 3 year mean. As 
illustrated in Figure 4.2, it is also apparent that the data fall into two distinct groups 
according to the degree of variation from the 3 year mean concentrations; those with 
greater than ± 50 nM deviation (GLU, SER, GL Y, ALA, MET) and those with less than ± 
50 nM deviation (ASP, HIS, THR, ARG, TYR, VAL, PHE, ILE and LEU), from the 3 year 
mean. The coefficients of variation (%cv) are in the order: GLU >MET> HIS> ARG > L YS > 
TYR >ALA> SER > GL Y > THR > LEU > VAL > ILE >ASP> PHE. 
The ranking of abundance of DFAA species, based on the annual mean concentrations 
shown in Figures 4.2 a, b, c, varied from year to year. Clearly, there was large variation in 
the ranking order between the years and only L YS, GL Y, and ALA featured consistently in 
the first 6 predominant species (Table 4.7). Unsurprisingly, the 2000-01 data had a large 
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influence on the ranking order when the 3 years were considered together since this data 
exerted the largest influence on the overall mean concentration as mentioned previously. 
No correlation was found between individual DFAA concentration and flow rate (p ~0.05). 
Year Ranking order 
1998-99 VAL> LYS> GLY> ALA> LEU> GLU> SER> PHE> ARG> ASP> THR> TYR> HIS> MET> ILE 
1999-00 GL Y> ASP> L YS> SER> MET> ALA> VAL> HIS> GLU> THR> PHE> LEU> TYR> ARG> ILE 
2000-01 LYS> GL Y> SER> ALA> MET> GLU> ASP> VAL> THR> I LE> LEU> TYR> ARG> HIS> PHE 
3 year mean GL Y> LYS> SER> MET> ALA> GLU> ASP> VAL> THR> LEU> ILE> TYR> ARG> HIS> PHE 
Table 4.7 Ranking of DFAA based on the mean concentration for each year of sampling 
and overall mean of the 3 years (n = 112 for 1998-99, n = 88 for1999-00; n = 232 for 
2000-01 ). 
4.3.2.3 Differences in individual dissolved free amino acid concentration between 
treatments. 
Log DFAA concentrations for each treatment were calculated from the mean of the log 
DFAA concentration of each of the lysimeters within a treatment. ANOVA of the log 
transformed data, using a GENSTAT procedure for an unbalanced design 
(AUN8ALANCED), showed that the concentrations of ASP, ARG, ALA, and LEU were 
significantly larger (p <0.05) whilst GLU was highly significantly (p <0.001) larger in the 
Winter 1998-99 surface runoff waters from the CU compared with the other treatments 
(Figure 4.4 a; Appendix 8: Table 8.4). In contrast, in the Winter 1999-00 samples, the 
concentrations of ARG and L YS were significantly larger (p <0.05) and PHE highly 
significantly larger (p <0.001) from the ZD treatment compared with the other treatments 
(Figure 4.4 b; Appendix 8: Table 8.5). There were no significant differences in DFAA 
concentration between treatments in the winter 2000-01 samples (Figure 4.4 c; Appendix 
8: Table 8.6). ANOVA of the mean of the 3 years collectively showed that the only 
significant difference was that ARG was greater (p <0.01) in samples from the 
Conventional N undrained treatment compared with the other treatments (data not 
shown). 
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Figure 4.4 Log mean DFAA concentrations within treatments (a) 1998-99, (b) 1999-00, (c) 
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4.3.2.4 Percentage relative molar distribution of dissolved free amino acids 
The overall mean of the %RMD data for the 432 samples shows that GL Y consistently 
made the largest contribution to DFAA concentration and could be as much as 30 % of 
the total. GL Y also showed less variation (coefficient of variation = 58 %) than any of the 
other amino acids with the exception of SER (Figure 4.5 and Appendix 8: Table 8.7). 
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Figure 4.5 Mean %RMD of DFAA for 432 samples. Vertical lines represent positive s.d. 
only. 
Of the other amino acid species, L YS, MET, ALA, SER and ASP could each contribute 
between 20- 25 %, VAL, GLU, HIS and TYR could each contribute between 10- 20% 
and ARG, LEU, THR, ILE, PHE could each contribute between 5- 10% of the total. The 
mean %RMD of individual DFAA for each treatment and for each year are shown in 
Figures 4.6 a, b, c and the mean of the 3 years is shown in Figure 4.7. These graphs 
show that the general pattern of %RMD was similar between treatments, although the 
pattern of distribution varied between years. The most consistent and greatest 
contributions were made by GL Y and ALA ( -20 % and -15 % respectively) in each of the 
3 years, whilst other species such as ASP, VAL and L YS fluctuated in the extent of their 
contribution. 
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Figure 4.6 DFAA mean %RMD. (a) 1998-99, (b) 1999-00, (c) 2000-01 , (CD = 
Conventional N drained; CU = Conventional N undrained; GCD = Grass/clover drained; 
ZD =Zero N drained; ZU =Zero N undrained, vertical lines represent s.e.). 
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Figure 4.7 Means of 3 years DFAA %RMD, (CD = Conventional N drained; CU = 
Conventional N undrained; GCD =Grass/clover drained; ZD =Zero N drained; ZU =Zero 
N undrained, vertical lines represent s.e.). 
As the lysimeters were not fully replicated within hydrology or fertilizer treatments, 
analysis of significant differences of the %RMD of individual DFAA species between 
treatments was performed between pairs of treatments where the design was balanced. In 
addition, since there was limited replication, individual sampling dates were used as 
substitute replicates. 
Thus, in order to investigate the effects of hydrology, ANOVA was carried out between 
lysimeters within the Conventional N fertilizer and the Zero N fertilizer treatments. Results 
of the analysis of the 3 year DFAA %RMD means show that MET and VAL were 
significantly greater (p <0.01) in drained soil within the Conventional N treatments and that 
L YS was greater (p <0.001) and ASP was smaller (p <0.001) in drained soil within the 
Zero N treatments. 
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The effects of fertilizer were tested both within the drained fertilizer treatments i.e. 
Conventional N, Grass/clover N and Zero N, and within the undrained fertilizer treatments 
i.e. Conventional N and Zero N. Results show that there were no significant differences for 
the effects of fertilizer on the %RMD of any of the DFAA species within either of the 
hydrology treatments. 
There was some concern that the lack of significant results from ANOVA of individual 
DFAA was due to the use of dates within years as treatment replicates. Any significant 
differences in distribution patterns between treatments would have been obscured by 
large errors resulting from variation between lysimeters within treatments on certain 
sampling dates. In other words, at times there appeared to be more variation in DFAA 
distribution within treatments than there was between treatments. 
To illustrate this, all the %RMD data are shown in Figures 4.8 - 4.19 as trellis graphs of 
individual DFAA for each pair of lysimeters within treatments, for each year of sampling. 
Sampling dates are expressed as the number of days since 1 "' September in any one 
year. For simplicity, the data for the two Zero N treatments were plotted on the same 
graph, despite the fact that they had a different hydrology. 
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Figure 4.8 DFAA %RMD in water samples from the two lysimeters in the Zero N treatment 
for the winter drainage period 1998-99, (x = ZU, • = ZD). 
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Figure 4.9 DFAA %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 1998-99, ( • = GCDa, x = GCDb). 
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Figure 4.10 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1998-99, (x = CUa, • = CUb). 
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Figure 4.11 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 1998-99, (x = CDa, • =COb). 
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Figure 4.12 DFAA %RMD in water samples from the two lysimeters in the Zero N 
treatment for the winter drainage period 1999-00, (x = ZU, • = ZD). 
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Figure 4.13 DFAA %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 1999-00, ( • = GCDa, x = GCDb). 
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Figure 4.14 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1999-00, (x = CUa, • =CUb). 
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Figure 4.15 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 1999-00, (x = CDa, • =COb). 
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Figure 4.16 DFAA %RMD in water samples from the two lysimeters in the Zero N 
treatment for the winter drainage period 2000-01 , (x = ZU, • = ZD). 
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Figure 4.17 DFAA %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 2000-01 , ( • = GCDa, x =GC Db). 
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Figure 4.18 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 2000-01 , (x = CUa, • =CUb). 
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Figure 4.19 DFAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 2000-01 , (x = CDa, • =COb). 
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The figures show that, apart from occasional and sometimes extreme differences, the 
%RMD data for lysimeters within treatments were similar across the range of individual 
DFAA. The graphs appear to show overall relative temporal stability in %RMD throughout 
the season for most of the individual DFAA, with the exception of VAL, GLY, SER and 
LYS and occasionally ASP and HIS. 
Although the DFAA distributions between lysimeters within a treatment were similar, 
where there were temporal differences, the amplitude of the variability resulted in large 
standard errors between lysimeters within treatments. The majority of the variability 
occurred in the 1999-00 and 2000-01 data. 
ANOVA of the individual DFAA %RMD between pairs of lysimeters for each year was 
carried out to determine where the variability lay, the results of which are given in 
Appendix 8: Tables 8.8 - 8.1 0. The ZNU and ZND treatments were not included in the 
analysis as there was no replication for hydrology. Output from the analysis confirm that 
there were very few differences between pairs of lysimeters with the exception of L YS in 
the CU treatment (1999-00), THR, PHE (1989-99) and LEU (1999-00) in the CD treatment 
and PHE (2000-01) in the GCD treatment. 
ANOVA of the data across the 3 years collectively, the results of which are in Table 4.8 
below, show that there appears to be little significant difference in individual DFAA %RMD 
between pairs of lysimeters, with the exception of PHE in the lysimeters within the CD and 
GCD treatments and L YS in those within the CD treatment. 
J. M. B. Hawkins 2004 117 Chapter4 
University of Plymouth 
IGER North Wyke 
Amino acid 
ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
!LE 
LEU 
LYS 
Amino acid 
ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
Amino acid 
ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
Lysimeter 
(mean %RMD} 
cua CUb 
8.1 9.9 
7.2 7.2 
10.7 11 .2 
5.8 5.8 
18.5 18.1 
5.3 5.4 
4.9 4.5 
14.9 13.0 
3.4 3.9 
6.4 9.5 
7.0 6.4 
4.1 3.3 
4.0 3.5 
7.0 5.0 
12.7 10.9 
CD a COb 
9.5 8.6 
6.4 7.5 
11 .8 12.8 
4.2 4.6 
17.6 21.6 
4.6 4.2 
3.3 3.3 
14.3 13.3 
4.1 3.8 
13.7 12.5 
8.8 9.6 
3.9 2.8 
4.0 3.7 
4.9 4.5 
15.7 8.8 
GCDa GC Db 
8.0 8.2 
7.4 9.8 
14.5 13.7 
4.9 6.4 
19.1 17.9 
4.9 4.8 
5.0 3.0 
13.8 13.4 
4.4 3.1 
8.5 8.5 
8.0 9.8 
2.5 4.2 
4.7 5.5 
4.0 4.2 
12.0 16.0 
lsd %cv level of 
si . diff. 
5.1 146 ns 
1.9 70 ns 
2.5 61 ns 
3.9 176 ns 
3.9 56 ns 
1.1 53 ns 
1.7 93 ns 
3.3 61 ns 
1.2 87 ns 
6.0 194 ns 
3.1 120 ns 
1.5 108 ns 
1.1 80 ns 
2.1 90 ns 
5.3 116 ns 
lsd %cv level of 
si . diff. 
4.7 135 ns 
2.3 86 ns 
2.6 56 ns 
1.7 99 ns 
5.2 70 ns 
0.8 48 ns 
1.2 98 ns 
4.3 82 ns 
2.0 133 ns 
8.1 160 ns 
4.8 136 ns 
1.1 84 <0.05 
1.2 85 ns 
1.6 90 ns 
6.3 132 <0.05 
lsd %cv level of 
si . diff. 
3.8 123 ns 
4.3 130 ns 
2.7 50 ns 
3.7 173 ns 
3.6 51 ns 
0.9 50 ns 
3.3 213 ns 
2.5 49 ns 
1.7 117 ns 
3.2 99 ns 
4.8 140 ns 
1.4 107 <0.05 
1.7 89 ns 
1.3 81 ns 
6.9 128 ns 
Table 4 .8 Results of ANOVA of individual DFAA % RMD between pairs (a, b) of lysimeters 
within treatments. (CU = conventional undrained, CD = conventional drained, GCD = 
grass/clover drained, lsd = least significant difference; %cv = coefficient of variation; s ig. 
diff.= significant difference). 
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Although the results from the various ANOVA suggest that there is little difference in 
DFAA %RMD between treatments, this method of data analysis was not useful in showing 
. how the individual DFAA species might be interrelated. 
ANOVA of the effects of hydrology and fertilizer on the DFAA %RMD means of grouped 
DFAA species were carried out using the same combinations of treatments described 
above for individual DFAA. The groups of DFAA were classified firstly according to the 
acid-base property and secondly the polarity of the side chains as described in Chapter 2; 
Section 2.1. The difference in the two methods of grouping primarily separates the neutral 
DFAA into those that are polar but uncharged and those that are non-polar. These 
methods of group comparison have been used in other studies to distinguish differences 
in amino acid distribution for different soil types and agronomy (Sowden et al., 1976; 
Gotoh et al., 1986; Abuarghub and Read, 1988b; Curry et al., 1994; Williams et al., 2000) 
and amino acid association with humic and fulvic acids (Huntjens, 1972; Holtzclaw et al., 
1980; Singhal and Kumar, 1992; Serge et al., 1993). The mean %RMD for the acid-base 
groups for each treatment are shown in Figure 4.20. 
ANOVA of the effect of various combinations of hydrology and fertilizer treatments on 
DFAA mean %RMD, classified according to the acid-base properties of their side chains, 
showed that there were no significant differences in the mean %RMD of groups between 
treatments. The exception being between the ZD and ZU treatments, where basic DFAA 
were significantly greater (p <0.05) and acidic DFAA were significantly smaller (p <0.05) in 
the drained compared with the undrained soil. This was due to greater levels of L YS and 
reduced levels of ASP in drained compared with undrained soil waters, as shown by the 
results from the ANOVA of individual DFAA within treatments that were discussed earlier. 
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Figure 4.20 Mean %RMD of DFAA species grouped by the acid-base property of their 
side chain. (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained; vertical lines 
represent s.e., n = 432). 
The relative abundance of the acid-base-neutral groups, with the exception of the ZU 
treatment, followed the general trend of neutral > acidic > basic. Significant differences 
were found only in the CD and ZU treatment, where acidic and neutral> basic (p <0.01 ). 
Of the neutral DFAA, the dominant species were those with non-polar side chains. The 
trend generally followed the pattern non-polar > negative > polar uncharged > positive, 
except for the ZU treatment where negative DFAA were the major contributors (Figure 
4.21). 
The order of the DFAA groups was non-polar> polar uncharged, and positive (p <0.001) 
and negative > positive (p <0.001) in the CD treatment; non-polar > polar uncharged and 
positive in the CU treatment (p <0.01 ), non-polar > positive (p <0.05) in GCD treatments; 
negative > positive in the ZU treatment (p <0.05). 
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Figure 4.21 Mean %RMD of DFAA species grouped by the polarity of their side chain. (CD 
= Conventional N drained, CU = Conventional N undrained, GCD = Grass/clover drained, 
ZD = Zero N drained, ZU = Zero N undrained, vertical lines represent s.e., n = 432). 
The possible existence of patterns in the data was explored further using the more 
advanced pattern recognition techniques designed for multivariate datasets that were 
described in Section 4.3.1.2. 
4.3.2.5 Patterns in the percentage relative molar distribution of dissolved free amino 
acids 
In order to obtain a statistical measure of the similarity/dissimilarity, the DFAA distribution 
data for each lysimeter were compared in turn to that of the other lysimeters using Lin's 
concordance correlation analysis. Each year was separately analyzed and the results are 
given in a matrix format in Table 4.9. 
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1998-99 Treat-men! 
zu 
ZO 
GCOa 
GC Ob 
CUa 
CUb 
CO a 
COb 
1999-00 Treat-ment 
zu 
ZO 
GCOa 
GC Ob 
CUa 
CUb 
CO a 
COb 
2000-01 
ZO 
GCOa 
GC Ob 
cua 
CUb 
CO a 
COb 
zu ZO 
0.6018 
0.6130 0.6468 
0.6274 0.6598 0.7449 
0.6809 0.7362 0.8356 
0.6715 0.8008 0.8911 
ZU ZO GCOa 
0.5582 
0.7376 0.3350 
0.6676 0.3516 0.7521 
0.7402 0.4588 0.7516 
0.5080 0.2105 0.5055 
GCOa 
0.5861 
0.6572 0.7682 
o.5no 0.5725 
o.4n6 0.6113 0.5765 
0.5157 0 .5828 0.6717 
0.4939 0.4801 0.4820 
CUb 
0.6018 0.6130 0.6274 0.6809 0.6715 0.7777 o.97n 
0.6468 0.6598 0.7362 0.8008 
0.7449 0.8356 0.8911 
0.7520 0.8439 
0.7353 
0.7520 
0.8439 0.7353 
GC Ob cua CUb 
0.5582 0.7376 0.6676 0.7402 0.5080 0.6247 
0.3350 0.3516 0.4588 0.2105 
0.7521 0.7516 0.5055 
0.5515 0.4880 0.3641 
0.7458 0.4849 
0.4880 
0.3641 0.4849 
GC Ob CUa CUb 
0.6572 o.5no oAn6 0.5157 0.4939 0.5961 0.9801 
0.5725 0.6113 0.5828 0.4801 
0.5765 0.6717 0.4820 
0.6429 0.6919 0.5175 
0.7409 0.6504 
0.6919 0.7409 
0.5175 0.6504 
Table 4.9 Correlation coefficient results (Pc and Cb) from Lin's concordance analysis for 
similarity of OFAA distribution from lysimeters within treatments. ZNO = Zero N drained, 
ZNU = Zero N undrained, GCOa and GCOb = Grass/clover drained, CUa and CUb = 
Conventional N undrained, COa and COb = Conventional N drained, n = 112 (1998-99) , n 
= 88 (1999-00), n = 232 (2000-01 )). 
The Pc coefficient results ranged between 0.2105 - 0.8911 and confirm that there were 
differences in the %RMO patterns between the lysimeters. In particular, some lysimeters 
were more similar to a lysimeter in a different treatment than with its pair. For example in 
the 1989-99 data, there was greater correlation between COb and GCOa (Pc = 0.8911) 
than with its pair, COa (Pc= 0.8600). 
Within pairs of lysimeters, those in the Conventional N undrained treatment (CUa and 
CUb) had the greatest degree of correlation with each other except in the third year, when 
J. M. B. Hawkins 2004 122 Chapter4 
University of Plymouth 
IGER North Wyke 
CUb was more similar to the Conventional N drained lysimeters (CDa and CDb). The 
overall Pc coefficients show that generally, the lysimeters became increasingly dissimilar 
over the 3 years. The mean Cb coefficients show that the distribution patterns were 
reasonably stable within each of the years. 
Pairs of lysimeters in each treatment were analyzed using Lin's concordance correlation 
for each sampling occasion, in order to understand the frequency with which the 
distribution patterns correlated with each other (data not shown). Using a correlation 
coefficient of Pc = 0.9 as a highly significant threshold level of similarity, results from the 
analysis showed that the distribution patterns for pairs of lysimeters in the CU, CD, and 
GCD treatments correlated 26, 30, and 26 % of the total number of observations 
respectively. When the threshold for significance was lowered to Pc = 0.6, the patterns in 
CU, CD, and GCD treatments correlated to 74, 57, 63% of the total respectively. 
Hierarchical cluster analysis of the yearly means of %RMD data was used to illustrate 
groupings of the lysimeters after the formation of matrices of nearest neighbour (similarity) 
coefficients of individual DFAA %RMD values between lysimeters. A dendrogram of the 
Euclidian distances produced for the groupings is given in Figure 4.22. lt is evident from 
the figure that the data for individual years formed 3 clear groupings. The clustering of 
lysimeters within each of the year clusters illustrates the disparity between paired 
lysimeters. 
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Figure 4.22 Dendogram of lysimeter clustering based on annual %RMD DFAA means. 
(_ Y1 = 1998-99, _ Y2 = 1999-00, _ Y3 = 2000-01 ). 
Hierarchical cluster analysis of the symmetric matrix of 3 year mean %RMD data showed 
that that the Conventional undrained lysimeters (CUa and CUb) were similar whilst the 
Grass/clover lysimeters (GCDa and GCDb) appeared to be associated with either one of 
the Zero N lysimeters (ZU, ZD). In particular GCDb and ZD formed a distinct cluster 
(Figure 4.23). 
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Figure 4.23 Dendogram of lysimeter clustering of 3 year %RMD DFAA means. 
Principal coordinates analysis of the symmetric matrix and subsequent graphical 
presentation of the resultant latent vectors as a minimum spanning tree in two dimensions 
further illustrates the groupings (shown by the dotted ellipse) from cluster analysis (Figure 
4.24). Here it is evident that the Conventional undrained plots (CUa and CUb} were 
associated with each other on the positive axes (shown by the dotted ellipse) and were 
different from the remaining lysimeters, whilst the Conventional N drained lysimeters (CDa 
and COb) were not similar. The first and second principal coordinates accounted for 31 .8 
% and 22.8 % of the variation respectively. 
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Figure 4.24 Minimum spanning tree of treatment clustering according to similarities in the 
3 year mean %RMD of DFAA species. 
The use of mean data values of lysimeters within treatments removed the errors resulting 
from temporal variability between paired lysimeters and showed that the Conventional N 
Undrained treatments could be clustered according to DFAA distribution patterns. 
However this was not the case for either the Conventional N drained, Grass/clover or the 
Zero N treatments. 
Analysis of the mean of the 3 years %RMD data, using PCP analysis and a biplot 
graphical procedure, was used to show which DFAA were associated with which 
treatments and also to identify any associations between individual DFAA species. (Figure 
4.25). 
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Figure 4.25 Biplot showing association of the 3 year mean %RMD of DFAA species with 
lysimeters. 
The biplot procedure confirmed the previous grouping of lysimeters (shown by the dotted 
ellipse) produced from hierarchical cluster analysis. The graph suggests that the 
Conventional N undrained treatments (CUa and CUb) were particularly associated with an 
abundance of ARG, LEU1 ALA, and THR. Sample composition of neither of the pair of 
lysimeters in the Conventional N drained treatment (CDa and COb) nor in the 
Grass/clover treatment (GCa and GCb) were closely related. The treatments ZD and 
GCDb were associated with PHE, HIS, L YS, ILE, GLU , VAL and SER, whilst ZU , GCDa 
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and CDa and to some extent CDb were associated with ASP, TYR, MET and GLY. 
Therefore, there appeared to be 3 distinct grouping within the data. 
The yearly mean %RMD of DFAA species for each lysimeter was used to construct a 2 
dimensional class model, or training set, for discriminant analysis consisting of 24 units (3 
years x 8 lysimeters) using the individual lysimeters as class identifiers. Outputs from the 
analysis which were used to construct the model (Mahalanobis distances, latent vectors 
class means and units scores) are given in Appendix B: Tables 8.11 - 14. The variation 
accounted for by the first and second dimension was 59.8 % and 15.6 % respectively. 
Results for the classification and re-classification of data to the classes (groups) are given 
in Table 4.1 0. 
Year Unit No. Original classification New classification 
1998-99 1 zu ZU 
2 CUa CUa 
~ CD a ~ 
4 ZD ZD 
5 GC Db GC Db 
6 GCDa GCDa 
7 CUb CUb 
8 CDb CDb 
1999-00 9 zu zu 
10 CUa CUa 
11 CDa CD a 
12 ZD ZD 
13 GC Db GC Db 
14 GCDa GCDa 
15 CUb CUb 
16 CDb CDb 
2000-01 ~] ~Q QP~~ 
18 CUa CUa 
19 CD a CD a 
20 ZD ZD 
21 GC Db GC Db 
22 GCDa GCDa 
23 CUb CUb 
24 CDb CDb 
Table 4.10 Classification of lysimeters based on patterns of %RMD DFAA from 
discriminant analysis. 
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The results in Table 4.10 show that 2 of the units (Nos. 3, and 17) were re-classified from 
CDa and ZU to ZU and CDa respectively. Otherwise, there appeared to be successful 
discrimination between the units. Graphical output of the unit scores and group means 
from canonical variates analysis, together with a 95 % confidence region around the group 
means, is shown in Figure 4.26. The plot, generated in Genstat, shows that there was 
some degree of overlap of the confidence regions around group means. This suggested 
that the groups were not as well defined as the allocation to classes suggested. 
c= e G 0 ·v; c:: Q) E 
i:5 
-6. - 4. 6. B. 10. 12. 
G0 + 
Dimension 2 
Figure 4.26 Graph of unit scores ( +) and group mean scores ( • ) resulting from canonical 
variates analysis of yearly means of %RMD DFAA of lysimeters. Circles represent the 95 
% confidence region of the group means. Radius calculated as 2.4 I -./n, where n = 
number of levels within a group. 
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The model was tested with data from a set of water samples which were used for 
evaluation of analytical procedures, the data for which has not been included in the 
database of distribution patterns reported in this study. The samples were classified as 
'unknown' and were not included in the training set. The results for how the model 
classified this sample data together with the actual grouping of these samples in given in 
Table4.11. 
Actual 
COa 
COa 
COb 
COb 
CUa 
CUa 
CUb 
CUb 
GCOa 
GCOa 
GC Ob 
GC Ob 
ZO 
zu 
Allocation 
CO a 
ZO 
COb 
COb 
CUa 
CUa 
CUb 
CUb 
ZO 
CUb 
COb 
ZO 
ZO 
COb 
Table 4.11 Classification of 'unknown' DFAA samples resulting from discriminant analysis. 
The results show that the model was very successful at allocating samples taken from 
Conventional N undrained (CUa and CUb) and Zero N drained lysimeters and was 
reasonably successful (3 out of 4) with Conventional N drained lysimeter samples. 
However the model was unable to allocate Grass/clover (GCDa and GCDb) samples 
correctly. 
Discriminant analysis was also used to compare the 3 year mean DFAA profiles from 
each of the treatments with typical T AA distribution values for various constituents 
(ryegrass, clover, bacteria, fungi, livestock faeces, livestock urine, microbial biomass and 
SOM) of a grassland system taken from the literature (Appendix 8: Table 8.29). The 
model allocated the DFAA profiles for all the treatments to membership of either the 
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microbial biomass (Conventional N undrained and drained) or SOM (grass/clover drained 
and Zero N drained and undrained) groups. However, PCP analysis of the DFAA 
distribution patterns of treatments and constituents, and subsequent plot of the scores, 
showed that the treatments formed a completely separate group to the literature values 
(Figure 4.27). The first two components (PCP 1 and PCP 2) accounted for 84 % of the 
variation. The treatment clustering was due to a greater relative abundance of GL Y, HIS, 
MET, L YS in soil waters compared with the constituent values. Urine was not included in 
the analysis, due to the overwhelming abundance, and therefore, influence of GL Y on its 
overall amino acid distribution pattern. 
PCP2 
eliw 
15 
10 
5 
eryg 
ezo eclo 
eco ecu 
PCP1 
• -15 ez\.9 -5 5 10 
ebio •gb 
-5 
esb 
-10 etun 
Figure 4.27 Plot of the scores for the first two components (PCP 1, PCP 2) from principle 
components analysis of the DFAA from treatments and TAA of grassland constituents. 
(ZU = zero N undrained, ZD = zero N drained, CU = Conventional N undrained, CD = 
Conventional N drained, GCD = Grass/clover drained, bio = biomass, clo = clover, fun = 
fungi, ryg = ryegrass, gb = general bacteria, liw = livestock wastes, sb = soil bacteria, som 
= soil organic matter). 
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4.3.2.6 Correlations between individual dissolved free amino acid species 
Individual DFAA species were tested for correlation with each other across the whole 
%RMD dataset and the results of the correlation coefficients are shown graphically in 
Figure 4.28. 
osp 
glu < -0.5 
-0.5 - -0.25 
ser 
-0.25 - 0 
his 0 - 0.25 0.25- 0.5 
gly 0.5 - 0.75 
0.75 - 1 
thr ~ 1 
org 
okl 
tyr 
met 
vol 
phe 
ile 
leu 
lys 
osp glu ser his gly ihr org olo tyr m€'1 ~ phe ile leu lys 
Figure 4.28 Matrix of correlation coefficients (r) between individual %RMD DFAA. 
The results show that generally there was little or no correlation between the OF AA 
species. Exceptions to this trend were that ARG was strongly positively correlated with 
PHE (r = 0.71) and less strongly with LEU (r = 0.64) and TYR (r = 0.53). PHE was 
positively correlated with ILE (r = 0. 73). Weaker relationships were between SER and 
GLY (r = 0.53), and TYR with LEU (r = 0.55). There were negative weak relationships 
between SER and PHE (r = -0.55) and GL Y with PHE (r = -0.51 ). 
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4.3.3 Dissolved combined amino acids 
4.3.3.1 Summary of yearly total dissolved combined amino acid concentrations. 
A summary of the range of total DCAA concentrations and the overall mean for each 
sampling period are given in Table 4.12. The data show a large variation in the range of 
total DCAA concentration within years and maximum concentration between years. The 
means of the first two sampling periods were similar but the mean of the third period was 
up to 4 times larger than the previous 2 years. 
Drainage Period Mean Minimum Maximum (f!M) (nM) (f!M) n 
1998-99 1.8 1.3 28.9 112 
1999-00 1.5 16.5 20.8 88 
2000-01 6.1 1.3 87.1 232 
Table 4.12 Mean and range of total DCAA concentration for each drainage period (n = 
number of samples). 
The overall mean Total DCAA concentration was 4.0 ~M with a range of 1.3 nM - 87 ~M. 
Total DCAA concentrations were generally larger and there was more variability between 
lysimeters at the beginning of the winter drainage period compared with the end, for each 
of the sampling periods (Figure 4.29 a, b, c). 
Within treatments, mean total DCAA concentrations generally followed the order of 
Conventional N undrained > Conventional N drained > Zero N undrained > Grass/clover 
drained >Zero N drained (Table 4.13). 
Treatment Mean Minimum Maximum 
(f!M) (nM) (f!M) n 
zu 3.1 105.3 52.8 54 
ZD 1.7 96.1 10.4 54 
GCD 2.2 9.5 30.5 108 
cu 7.9 11.5 87.1 108 
CD 3.6 1.3 34.4 108 
Table 4.13 Means and range of total DCAA concentrations (n =number of samples). 
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Figure 4.29 Means of lysimeter total DCAA concentrations for the sampling periods (a) 
1998-99, (b) 1999-00, (c) 2000-01. Vertical lines represent s.e. 
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As was seen with the DFAA, no correlation was found between total DCAA concentration 
and either NH4 + -N or N03- -N. 
4.3.3.2 Individual dissolved combined amino acid concentrations. 
Concentrations of individual DCAA in the 1998-99 water samples ranged between 0.2 nM 
to 7.3 ~M with an overall mean concentration of 156.9 nM (Figure 4.30 a; Appendix 8: 
Table 8.15). For the 1999-00 water samples, DCAA concentrations ranged between 0.1 
nM to 9.2 ~M with an overall mean concentration of 113.7 nM (Figure 4.30 b; Appendix 8: 
Table 8.16). 
Concentrations of DCAA in the 2000-01 water samples ranged between 0.1 nM to 20.0 
~M with an overall mean concentration of 458.1 nM (Figure 4.30 c; Appendix 8: Table 
8.17). The amino acid with the largest mean concentration varied in each of the 3 years: 
HIS (564.7 nM), ARG (383.6 nM) and GL Y (1.1 ~M) for the first, second and third year 
respectively. 
The order of magnitude in the range of concentration data was consistent between the 
first two sampling years; however, in the third sampling year, the range between minimum 
and maximum was generally greater than was shown in the other two years. As seen with 
the DFAA data, the mean maximum concentration was 3 and 5 times larger than the first 
and second sampling periods respectively. 
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Figure 4.30 Mean DCAA concentrations (nM) in water samples taken during winter (a) 
1998-99 (n = 112), (b) 1999-00 (n = 88), (c) 2000-01 (n = 232). Vertical lines represent 
s.e. 
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The range of DCAA concentration for the 3 years collectively is shown in Table 4.14 and 
in a rugplot (Figure 4.31 ), which shows the distribution of all the DCAA concentration data. 
The overall mean individual DCAA concentration was 306 nM. The samples from the 
2000-01 drainage period exerted the greatest influence on the overall means and 
therefore the largest overall mean concentration for the 3 years was GL Y (703 nm). The 
amino acids with by far the greatest coefficients of variation were L YS, (513 %), VAL ( 410 
%) and HIS (343 %). The coefficients of variation (%cv) are in the order L YS > VAL >HIS> 
GLU > ARG > THR >ALA> LEU > PHE > TYR > SER > ILE > GL Y >ASP> MET. 
There was no correlation between individual DCAA concentration and flow rate (data not 
presented). 
Amino acid Minimum Maximum Mean s.d. %cv 
ASP 0.2 10533 557.3 1220.4 219 
GLU 0.4 8933 308.2 976.4 316 
SER 0.2 5455 211.3 508.9 240 
HIS 0.2 16194 406.7 1395.5 343 
GLY 0.3 12737 703.3 1541.4 219 
THR 0.2 11571 412.9 1162.2 281 
ARG 0.3 5258 229.4 654.9 285 
ALA 0.2 12712 503.8 1378.3 273 
TYR 0.1 1494 82.5 203.7 247 
MET 0.1 1611 182.6 284.5 156 
VAL 0.4 19979 273.9 1122.1 410 
PHE 0.2 3163 100.1 261.7 261 
ILE 0.3 2485 134.6 308.0 229 
LEU 0.1 5794 186.6 489.1 262 
LYS 0.2 16984 290.5 1490.1 513 
mean 0.2 8993.6 305.6 866.5 284 
Table 4.14 Summary of individual DCAA concentrations (nM) in water samples for the 3 
years collectively (n = 432). 
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Figure 4.31 Rug plot showing the distribution of all the DCAA concentration data. 
Based on the mean concentration data, the ranking of abundance of DCAA species was 
very variable from year to year {Table 4.15) and only GLY, ASP, and ALA and THR 
featured regularly in the 6 most abundant compounds. Samples from the 2000-01 period 
dominated the ranking when the data from all the years were combined. 
Year 
1998-99 
1999-00 
2000-01 
3 years 
Ranking order 
HIS> GL Y> ASP> ALA> SEA> THR> VAL> GLU> LEU> PHE> LYS> I LE> TYR> ARG> MET 
ARG> GLY> HIS> ALA> ASP> THR> SEA> VAL> LEU> GLU> ILE> PHE> LYS> TYR> MET 
GLY> ASP> ALA> THR> GLU> LYS> VAL> HIS> SEA> LEU> MET> ARG> ILE> PHE> TYR 
GL Y> ASP> ALA> THR> HIS> GLU> L YS> VAL> ARG> SEA> LEU> MET> I LE> PHE> TYR 
Table 4.15 Ranking of DCAA based on the mean concentration for each year of sampling 
and overall mean of the 3 years. 
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4.3.3.3 Differences in individual dissolved combined amino acid concentration 
between treatments. 
Mean log DCAA concentrations for each of the treatments were obtained for each 
sampling occasion by calculating the average log concentration data across the lysimeters 
within treatments (Figures 4.32 a, b, c). 
An ANOVA procedure for unbalanced designs, described previously, was used to test for 
significant differences in the means of each individual amino acid species between 
treatments. The results of the analyses are shown in Appendix 8: Tables 8.18- 8.20. 
Figure 4.32 a, and Appendix 8: Table 8.18 show clearly that generally the individual 
DCAA and therefore total DCAA concentrations were larger from the CU and ZU 
treatments in the 1998-99 data. lt was also evident that the CU treatment had similar 
levels of DCAA concentration as the ZU treatment, and the GCD treatment was similar to 
the ZD treatment. The majority of the DCAA (with the exception of HIS and L YS) 
concentrations from the CD treatment were significantly lower compared with the CU, 
GCD, ZU and ZD treatments. 
The differences between the CD treatment and the other treatments were not evident in 
the 1999-00 data (Figure 4.32 b) nor in the 2000-01 data (Figure 4.32 c) but nonetheless 
ANOVA showed that differences were significant with the exception of HIS, ARG, and 
LYS (Appendix 8: Table 8.19) for the 1999-00 data and ARG, MET, VAL and LYS 
(Appendix 8: Table 8.20) for the 2000-01 data. The trend of similarity of concentrations 
between the treatments as observed in the first year, was also repeated for these two 
years, but to a lesser extent. 
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Figure 4.32 Log mean DCAA concentrations within treatments (a) 1998-99, (b) 1999-00, 
(c) 2000-01 (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, vertical lines 
represent positive s.e. only). 
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4.3.3.4 Percentage relative molar distribution of dissolved combined amino acids. 
As seen with the DFAA, the overall mean of the %RMD data for the 432 samples showed 
that GL Y was the most abundant amino acid species and could represent up to -30 % of 
the total (Figure 4.33 and Appendix 8: Table 8.21 ). Of the other species, ARG, ASP, HIS, 
MET, could each contribute between -20 - 25 %, ALA, THR, LYS, VAL and GLU could 
each contribute between 10 - 20 % and SEA, LEU, PHE, ILE and TYR could each 
contribute between 5 - 1 0 % of the total. 
35.0 
30.0 
25.0. 
:f g 20.0 
a 
~ 15.0 
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amino acid 
Figure 4.33 Mean %RMD of DCAA for 432 samples. Vertical lines represent positive s.d. 
only. 
The mean %RMD for each lysimeter treatment and for each year are shown in Figures 
4.34 a, b, c. The graphs show that the general patterns of DCAA %RMD were similar 
between the lysimeters, but that there were differences in these patterns between years. 
The 3 year mean for each lysimeter is shown in Figure 4.35. 
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Figure 4.34 DCAA mean %RMD. (a) 1998-99, (b) 1999-00, (c) 2000-01, (CD = 
Conventional N drained; CU = Conventional N undrained; GCD = Grass/clover drained; 
ZD =Zero N drained; ZU =Zero N undrained, vertical lines represent s.e.). 
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Figure 4.35 Means of 3 years DCAA %RMD, (CD = Conventional N drained; CU = 
Conventional N undrained; GCD =Grass/clover drained; ZD =Zero N drained; ZU =Zero 
N undrained, vertical lines represent s.e.). 
In a similar way to the DFAA, ANOVA of the %RMD DCAA between treatments was 
performed within pairs of treatments where the design was balanced. Thus the effects of 
hydrology were tested between lysimeters in the Conventional N treatments and showed 
that LYS, MET were significantly greater (p <0.001 ), and ASP, SER and THR were 
significantly smaller (p <0.001 ), in drained soil compared with undrained soil. However 
within the Zero N treatments there were no significant differences in hydrology. The effect 
of fertilizer within the drained treatments showed that there were significant differences 
(p <0.05) between fertilizer treatments. These were for ARG, Grass/clover > Zero > 
Conventional, for HIS, Zero > Conventional > Grass/clover, and L YS, Grass/clover > 
Conventional > Zero. There were no significant differences in fertilizer treatments for the 
undrained soils. 
Trellis graphs of the %RMD data for individual DCAA from each lysimeter within 
treatments, for each year of sampling were generated and are shown in Figures 4.36 -
4.47. As with the DFAA data, those from the Zero N lysimeters were plotted on the same 
graph for simplicity, despite having different hydrology. 
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Figure 4.36 DCAA %RMD in water samples from the two lysimeters in the Zero N 
treatment for the winter drainage period 1998-99, (x = ZNU, • = ZND). 
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Figure 4.37 DCM %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 1998-99, (• = GCDa, x = GCDb). 
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Figure 4.38 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1998-99, (x =CUb, • = CUa). 
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Figure 4.39 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 1998-99, (x = COb, • = CDa). 
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Figure 4.40 DCAA %RMD in water samples from the two lysimeters in the Zero N 
treatment for the winter drainage period 1990-00, (x = ZNU, • = ZND). 
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Figure 4.41 DCAA %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 1999-00, ( • = GCDa, x = GCDb). 
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Figure 4.42 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 1990-00, (x = CUa, • = CUb). 
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Figure 4.43 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 1999-00, (x = CDa, • =COb). 
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Figure 4.44 DCAA %RMD in water samples from the two lysimeters in the Zero N 
treatment for the winter drainage period 2000-01 , (x = ZNU, • = ZND). 
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Figure 4.45 DCAA %RMD in water samples from the two lysimeters in the Grass/clover 
drained treatment for the winter drainage period 2000-01 , ( • = GCDa, x = GCDb). 
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Figure 4.46 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
undrained treatment for the winter drainage period 2000-01 , (x = CUa, • =CUb). 
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Figure 4.47 DCAA %RMD in water samples from the two lysimeters in the Conventional N 
drained treatment for the winter drainage period 2000-01 , (x = CDa, • =COb}. 
The results of ANOVA of individual DCAA between paired lysimeters within treatments are 
given in Appendix 8 : Tables 8.22 - 8.24. Lysimeters within the Conventional N undrained 
treatment had no significant differences in %RMD between them and only TYR was 
significantly different between those lysimeters within the Conventional N drained 
treatment. In contrast, the lysimeters within the Grass/clover treatment showed significant 
differences in the %RMD of PHE, ILE and LEU in the first year and ASP, GL Y, MET in the 
third year. The results of ANOVA of the data across the 3 years collectively are given in 
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Table 4.16 and show that there were only significant differences in individual DCAA 
%RMD between the lysimeters in the Grass/clover treatment. 
L~simeter (mean %RMD) 
Amino acid cua CUb lsd %cv level of sig. dill. 
ASP 15.3 18.3 4.2 66 ns 
GLU 6.1 5.5 2.5 112 ns 
SER 6.8 6.8 1.6 63 ns 
HIS 8.5 6.7 3.9 134 ns 
GLY 16.8 17.4 4.1 62 ns 
THR 11.3 10.1 3.1 75 ns 
ARG 6.5 7.9 6.1 223 ns 
ALA 12.2 11.7 2.3 51 ns 
TYR 1.8 1.7 0.6 90 ns 
MET 2.9 3.8 1.8 137 ns 
VAL 5.9 5.3 1.3 63 ns 
PHE 2.3 2.1 0.7 78 ns 
ILE 2.8 3.1 0.5 48 ns 
LEU 4.2 4.3 0.6 36 ns 
LYS 3.0 3.8 2.1 158 ns 
Amino acid CD a COb lsd %cv level of si g. dill. 
ASP 12.9 14.1 3.5 68 ns 
GLU 3.6 3.8 1.6 115 ns 
SER 3.8 4.8 1.3 78 ns 
HIS 8.7 6.3 6.0 206 ns 
GLY 18.5 20.0 5.4 74 ns 
THR 7.8 8.5 3.0 95 ns 
ARG 6.8 7.7 6.0 216 ns 
ALA 13.4 11.2 3.1 66 ns 
TYR 1.3 1.7 1.0 169 ns 
MET 8.5 14.5 6.0 135 ns 
VAL 7.2 8.1 2.8 95 ns 
PHE 2.8 2.1 1.1 117 ns 
ILE 3.3 4.0 1.0 69 ns 
LEU 5.3 5.0 1.7 85 ns 
LYS 7.9 5.9 4.1 155 ns 
Amino acid GCDa GC Db lsd %cv level of sig. dill. 
ASP 14.5 12.5 3.4 66 ns 
GLU 4.3 4.1 1.5 92 ns 
SER 5.2 3.6 1.5 87 <0.05 
HIS 10.0 2.5 5.5 228 <0.01 
GLY 18.2 12.8 4.1 69 <0.01 
THR 9.6 8.6 3.0 86 ns 
ARG 7.8 14.1 7.8 186 ns 
ALA 11.4 11.9 3.6 81 ns 
TYR 2.6 2.3 1.7 184 ns 
MET 8.1 15.6 6.8 149 <0.05 
VAL 6.3 9.4 4.1 136 ns 
PHE 2.9 4.3 1.9 138 ns 
ILE 3.6 3.7 0.8 61 ns 
LEU 4.2 4.8 1.4 79 ns 
LYS 6.3 10.6 4.5 138 ns 
Table 4.16 Results of ANOVA of individual DCAA %RMD between pairs (a, b) of 
lysimeters within treatments. (CU = conventional undrained, CD = conventional drained, 
GCD = grass/clover drained, lsd = least significant difference; %cv = coefficient of 
variation; si g. diff.= significant difference, n = 108 ). 
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ANOVA of the effects of hydrology and fertilizer on the %RMD means of grouped DCAA 
species were performed using the same combinations of treatments described previously 
for individual DCAA. 
The mean %RMD of the groups for each treatment are shown in Figure 4.48. Generally 
the groups followed the trend of acidic > basic > neutral. This was in contrast to the trend 
in DFAA which followed neutral> acidic> basic. 
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Figure 4.48 Mean %RMD of DCAA species grouped by the acid-base property of their 
side chain. Vertical lines represent s.e. 
ANOVA showed that there were significant differences in %RMD of the groups between 
treatments. The effects of hydrology was tested within the Conventional N treatments and 
Zero N treatments. Acidic DCAA were greater from undrained (p <0.01) compared with 
drained soil within the Conventional treatment, but there was no significant difference 
within the Zero N treatments. 
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The effects of fertilizer on the DCAA groups were tested separately within the drained 
soils and within the undrained soils but no significant difference were found for either 
hydrology condition. 
As observed with the DFAA data, of the neutral DCAA, the dominant species were those 
which had non-polar side chains. The trend followed negative > non-polar > positive > 
polar uncharged for the Conventional N treatments and generally negative > positive > 
non-polar > polar uncharged for the other treatments (Figure 4.49). 
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Figure 4.49 Mean %RMD of DCAA species grouped by the polarity of their side chain. 
Vertical lines represent s.e. 
ANOVA of the groups showed that there were the following significant differences within 
treatments: 
CD - negative, positive, non-polar > polar uncharged (p <0.001 ). 
CU - negative> non-polar, polar uncharged, positive (p <0.001 ). 
GCD - negative, positive, non-polar > polar uncharged (p <0.01 ). 
ZD- negative, positive, non-polar> polar uncharged (p <0.001 ). 
ZU - negative> non-polar, polar uncharged, positive (p <0.001 ). 
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Further evidence for patterns was tested using the suite of multivariate statistical 
techniques described in section 4.3.1.2. 
4.3.3.5 Patterns in the percentage relative molar distribution of dissolved combined 
amino acids · 
Similarity between patterns between lysimeters was tested using Lin's concordance 
correlation procedure and the results are given in Table 4.17. The Pc coefficient results 
show that the lysimeters in the CU treatment (CUa and CUb) were more consistently 
correlated with each other than with lysimeters within the other treatments. The lysimeters 
in CD treatment (CDa CDb) were more similar to each other than lysimeters in the other 
treatments for the first two years but not the third. The lysimeters in GCD treatment 
(GCDa, GCDb) were poorly correlated 
The Cb coefficients show that the dataset in the first year was not as close to the 
concordance line compared with the following two years and the smaller Pc coefficient 
shows that there was more dissimilarity between lysimeters. 
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1998-99 Treat- zu 
ment 
z u 
ZO 
GCOa 
GC Ob 0.4460 
CUa 0.7478 
CUb 0.7676 
COa 0.4048 
COb 0.31 16 
1999-00 
ZO 
GCOa 
GC Ob 0.2249 
CUa 0.4930 
CUb 0.4489 
COa 0.4300 
COb 0.4197 
2000-01 Treat- z u 
ment 
z u 
ZO 
GCOa 
GC Ob 0.5261 
cua 0.6806 
CUb 0.6471 
CO a 0.6642 
COb 0.6308 
ZO GCOa 
0.4425 0.4541 
0.5285 0.5400 
0.5037 0.3510 
0.3217 0.3952 
GCOa 
0.5049 
0.8495 
0.8092 0.7639 
0.7413 0.7474 
0.7935 0.9358 
ZO GCOa 
0.5276 
0.5178 
0.5394 0.6093 
0.4675 0.5998 
0.6074 0.5775 
CO a 
0.4460 0.7478 0.7676 0.4048 0.311 6 0.3232 0.9097 
0.4425 0.5285 0.5037 0.3217 
0.5400 0.3510 0.3952 
0.4189 0.4786 
0.2757 
0.4189 0.4141 
0.4786 0.2757 
GC Ob cua CUb 
0.2249 0.4930 0.4489 0.4300 0.4197 0.7305 0.9642 
0.8495 0.8092 0.7413 0.7935 
0.7639 0.7474 0.9358 
0.6105 0.4686 
0.8879 
0.6105 
0.4686 0.8879 
GC Ob CUa CUb 
0.5261 0.6806 0.6471 0.6642 0.6308 0.5891 0.9858 
0.5178 0.5394 0.4675 0.6074 
0.6044 0.6093 0.5998 0.5775 
0.4442 0.5662 
0.6157 0.5349 
0.3716 
0.4442 
0.5662 0.5349 
Table 4.17 Correlation coefficient results (Pc and Cb) from Lin's concordance analysis for 
similarity of DCAA distribution from lysimeters within treatments. ZND = Zero N drained, 
ZNU = Zero N undrained, GCDa and GCDb = Grass/clover drained, CUa and CUb = 
Conventional N undrained, CDa and COb= Conventional N drained, n = 112 (1998-99), n 
= 88 (1999-00), n = 232 (2000-01 )). 
The frequency of similarity of patterns of distribution between pairs of lysimeters in each 
treatment was analyzed using Lin's concordance correlation for each sampling date (data 
not shown). Using Pc= 0.9 as a highly significant threshold, the number of times that pairs 
of lysimeters in CU, CD, and GCD correlated was 33, 24, 20 % of the total number of 
observations respectively. When the threshold for significance was lowered to Pc = 0.6, 
the patterns in CU, CD, and GCD treatments correlated 69, 50, 43 % of the total 
respectively. 
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Hierarchical cluster analysis of the yearly means of %RMD data was used to illustrate 
groupings of the lysimeters after the formation of matrices of nearest neighbour (similarity) 
coefficients of individual DCAA %RMD values between lysimeters. A dendrogram of the 
Euclidian distances produced for the groupings is given in Figure 4.50. The figure shows 
that there was a clear grouping of the 2000-01 data but the other 2 years were less well 
defined. Within years, only the Conventional undrained lysimeters (CUa and CUb) were 
consistently grouped together as discrete groups. 
zu_ Y1 
CUo_ Y1 
CUb_ Y1 
ZU_Y2 
CUa_ Y2 
CUb_ Y2 
GCDa_ Y2 
COb_ Y2 
CDa_ Y2 
ZD_Y2 
ZD_ Y1 
GCDb_ Y2 
GCDa_ Y1 
CUb_ Y3 
CUa_ Y3 
zu_ Y3 
ZD_Y3 
CDa_ Y3 
GCDa_ Y3 
COb_ Y3 
GCDb_ Y3 
CDa_ Y1 
COb_ Y1 
GCDb_ Y1 
1.00 
I 
~ 
~ 
~ 
0.98 
r 
0.96 0.94 
Linkage Distances 
-
I-
0.92 0.90 
Figure 4.50 Dendogram of lysimeter clustering based on annual %RMD DCAA means. 
{_ Y1 = 1998-99, _ Y2 = 1999-00, _ Y3 = 2000-01 ). 
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Hierarchical cluster analysis of the symmetric matrix of 3 year mean DFAA %RMD data 
showed that the lysimeters ZU, CUa and CUb formed a cluster, suggesting that there was 
a hydrological effect on the data. CDa and COb appeared to be reasonably well grouped 
but GCDa and GCDb were not (Figure 4.51 ). 
zu -
r-
CUo -
-
CUb 
-
ZD r--
GC Do -
COb 
COo 
GC Db 
1.00 0.95 0.90 0.85 0.80 0.75 
Unkoge Distances 
Figure 4.51 Dendogram of lysimeter clustering of 3 year %RMD DCAA means. 
Principal coordinates analysis and the resultant minimum spanning tree (Figure 4.52) 
show that, within their pairings, the CD (CDa and COb) and CU (CUa and CUb) lysimeters 
were associated with each other (shown by the dotted ellipses). In the latter case the CU 
lysimeters were also associated with ZU . The two GCD lysimeters were more associated 
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with COb than they were to each other. The percentage variation accounted for by the first 
and second principal coordinates was 58.0 % and 17.2 % respectively. 
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Figure 4.52 Minimum spanning tree of lysimeter clustering according to similarities in 
OCAA %RMO. 
A biplot of the results from principal components analysis further illustrates the difference 
in clustering between the undrained lysimeters and shows that CUa, CUb and ZU were 
closely associated with a larger abundance of the acidic amino acids (ASP and GLU) and 
two hydroxyl group containing amino acids (SEA and THR) (Figure 4.53). The 
Conventional N drained lysimeters (COa and COb) were associated with ILE. The 
Grass/clover lysimeters (GCOa, GCOb) were associated with ARG, PHE and TYR. 
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Figure 4.53 8iplot showing association of the 3 year mean %RMD of DCAA species with 
lysimeters. 
The yearly mean %RMD of DCAA species for each lysimeter was used to construct a 2 
dimensional training set consisting of 24 units (3 years x 8 lysimeters), using the individual 
lysimeters as class identifiers. Outputs from the analysis (Mahalanobis distances, latent 
vectors class means and units scores) are given in Appendix 8 : Tables 8.25 - 8 .28. 
The variation accounted for by the first and second dimension was 81 .0 % and 14.9 % 
respectively. Results for the classification and re-classification of data to the classes are 
given in Table 4.18. 
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Year 
1998-99 
1999-00 
2000-01 
Unit No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
~4! 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Table 4.18 Classification of 
discriminant analysis ( n = 3). 
lysimeters 
Original classification New classification 
zu zu 
CUa CUa 
CO a CO a 
ZO ZO 
GC Ob GC Ob 
GCOa GCOa 
CUb CUb 
COb COb 
zu zu 
CUa CUa 
CO a CO a 
ZO ZO 
GC Ob GC Ob 
GCOa cu 
CUb CUb 
COb COb 
zu zu 
CUa CUa 
CO a CO a 
ZO ZO 
GC Ob GC Ob 
GCOa GCOa 
CUb CUb 
COb COb 
based on patterns of DCAA % RMD from 
Only one unit (No. 17) was reclassified from GCDa to CUb in 1999-00 data otherwise the 
model appears to discriminate between lysimeters. Graphical output from canonical 
variates analysis, together with the 95 % confidence region around group means, shows 
that GCDa and CUb were not well defined as separate groups (Figure 4.54). 
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Figure 4.54 Graph of unit scores(+) and group mean scores (• ) resulting from canonical 
variates analysis of yearly means of %RMD DCAA of lysimeters. Circles represent the 95 
% confidence region of the group means. Radius calculated as 2.4 I .,Jn, where n = 
number of levels within a group. 
The model was tested as for DFAA, by using data from samples not included in the 
distribution library reported in this study. The results of the allocation of 'unknown' 
samples to the classes is given in Table 4.19. 
The model was not able to correctly allocate any of the 'unknown' samples apart from one 
of the ZD. This was surprising since the previous statistical procedures suggested that 
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some discrimination might be possible. The Conventional N drained lysimeters were 
identified as being similar and yet the discriminant analysis model was not robust enough 
to distinguish the 'unknown' samples which came from these lysimeters. 
Origin Allocated 
CO a GC Ob 
CO a ZO 
COb GC Ob 
COb GC Ob 
CUa CO a 
CUa ZO 
CUb GC Ob 
CUb ZO 
GCOa GC Ob 
GCOa ZO 
GC Ob CO a 
GC Ob ZO 
ZO GC Ob 
:ZO :ZD 
zu GC Ob 
ZU ZO 
Table 4.19 Classification of 'unknown' DCAA samples resulting from discriminant analysis 
(n = 3). 
As was done for DFAA, the 3 year means of DCAA data for each treatment were 
modelled with the TAA distribution values for various constituents of a grassland system 
(Appendix B: Table 8.29), using discriminant analysis. The model allocated all treatments 
patterns to membership of the SOM class. This suggests that the DCAA represent the 
transformation products of a range of soil proteins from various sources, rather than any 
one identifiable primary source, such as plants, livestock wastes, or soil microorganisms 
(Chapter 1: Figure 1.4). As was seen with DFAA, a plot of the scores for the first two 
components following PCP analysis showed that the treatment DCAA means formed a 
completely separate group to the literature values (Figure 4.55). The components (PCP 1 
and PCP 2) accounted for 78.0 % of the variation. The clustering of treatments was due to 
greater relative abundance of HIS, MET, THR, SEA, and ALA and a reduced abundance 
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of GLU in soil waters compared with the constituent values. As mentioned previously, 
(section 4.3.2.5) urine was excluded from the analysis. 
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·10 
·15 
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·20 
Figure 4.55 Plot of the scores for the first two components (PCP 1, PCP 2) from principle 
components analysis of the DCAA from treatments and TAA of grassland constituents. 
(ZU = zero N undrained, ZD = zero N drained, CU = Conventional N undrained, CD = 
Conventional N drained, GCD = Grass/clover drained, bio = biomass, clo = clover, fun = 
fungi , ryg = ryegrass, gb = general bacteria, liw = livestock wastes, sb = soil bacteria, som 
= soil organic matter). 
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4.3.3.6 Correlations between individual dissolved combined amino acid species. 
Individual DCAA species were tested for correlation with each other across the whole 
%RMD dataset and the results of the correlation coefficients are shown graphically in 
Figure 4.56. 
Generally there were no significant correlations between DCAA species. However there 
was a negative but weak relationship between ARG and GL Y (r = -0.56), ALA (r = -0.55), 
ILE (r = -0.56) and ASP (r = -0.53). MET was positively but weakly correlated with ILE (r = 
0.59). 
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Figure 4.56 Matrix of correlation coefficients (r) between individual DCAA %RMD. 
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4.3.4 Relationship between dissolved free and combined amino acids 
The overall mean of the ratio of DCAA to DFAA concentration was 130 : 1 (s.e. 6.4) 
though the mean was influenced by large individual ratios for ASP, HIS, ARG, MET and 
THR (Figure 4.57). 
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Figure 4.57 Mean ratios of DCAA : DFAA concentration. Vertical lines represent s.e. 
Figures 4.58 - 4.60 show the mean DFAA and DCAA RMD data throughout each of the 3 
years. Generally, there appears to be good agreement between the two datasets with 
notable exceptions being HIS, L YS and VAL in the first year, ARG, ASP and HIS in the 
second year and ARG, ASP and LYSin the third winter period. 
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Figure 4.58 Mean %RMD of DFAA (x) and DCAA ( • ) for the winter drainage period 1998-
99. 
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Figure 4.59 Mean %RMD of DFAA (x) and DCAA (•) for the winter drainage period 1999-
00. 
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Figure 4.60 Mean %RMD of DFAA (x) and DCAA (• ) for the winter drainage period 2000-
01. 
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Overall, the patterns of distribution were very different between the two amino acid 
fractions. GLU (p <0.001 ), ILE (p <0.001 ), L YS (p <0.001 ), SEA (p <0.001 ), TYR (p 
<0.001 ), ALA (p <0.05), GL Y (p <0.05), PHE (p <0.01) and VAL (p <0.05) were in 
significantly greater proportions in the DFAA fraction compared with DCAA. Only MET and 
LEU were found in similar quantities (Figure 4.61 ). 
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Figure 4.61 Means of all the individual DFAA (grey) and DCAA (clear) %RMD data for the 
3 years. Vertical lines represent s.e. 
The similarity/difference between the two fractions was compared by producing symmetric 
matrices of the fractions for each lysimeter and year. The extent to which the two matrices 
described the same relationships among amino acids was tested by comparing off-
diagonal elements of the matrices using the Mantel procedure in Genstat. 
The correlation coefficients resulting from the analysis show that overall there was no 
correlation between patterns of DFAA and DCAA %RMD within lysimeters in any year 
(Table 4.20). 
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Year 
1998-99 
1999-00 
2000-01 
Lysimeter 
zu 
ZO 
GC Ob 
GCOa 
CUb 
COb 
CUa 
CO a 
ZU 
ZO 
GC Ob 
GCOa 
CUb 
COb 
CUa 
COa 
zu 
ZO 
GC Ob 
GCOa 
CUb 
COb 
CUa 
CO a 
r 
-0.0298 
-0.0200 
-0.0410 
0.0421 
0.0635 
0.0163 
0.1579 
0.1216 
0.1969 
-0.0346 
0.0153 
0.0142 
0.0593 
0.2037 
·0.0191 
0.0377 
0.0946 
0.0198 
0.2251 
0.2652 
0.3991 
0.3002 
0.3450 
0.2351 
Table 4.20 Mantel correlation coefficients (r) for degree of association between similarity 
matrices of DFAA and DCAA %RMD profiles (n = 112 (1998-99), n = 88 (1999-00), n = 
232 (2000-01 ). 
The number of times individual DFAA and DCAA species were detected out of all the 
samples analysed is shown in Table 4.20. Out of a number of 432 possible observations, 
most of the DFAA and DCAA species appeared >70% of the time. However, of the DFAA, 
MET and L VS were present <50 % and of the DCAA, MET was present <60 %, of the 
time. Generally, the number of observations is similar for both DFAA and DCAA except for 
LEU, ARG, PHE, MET, and L VS which showed an increase in the number of times they 
were present of 11, 16, 22, 23 and 52% respectively, following hydrolysis of the samples. 
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Amino acid 
ASP 
GLU 
SEA 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
Number of observations 
DFAA 
387 
365 
402 
299 
395 
352 
295 
390 
332 
191 
401 
301 
376 
357 
186 
Table 4.21 Number of observations for DFAA and DCAA species. 
DCAA 
403 
398 
371 
309 
392 
389 
350 
404 
365 
249 
394 
390 
398 
400 
386 
4.3.5 Relationship of dissolved free and combined amino acids to dissolved organic 
nitrogen and carbon 
The contribution of total DFAA to both DON and DOC was minimal, at a maximum mean 
value of just under 2 % for DON and 0.2 % for DOC, with the largest contributions 
exhibited by the drained soils (Figure 4.62). 
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Figure 4.62 Mean percentage contribution of DFAA to DON (clear bars) and DOC (grey 
bars). Vertical lines represent s.e. 
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In contrast, and as might be expected, the contribution of total DGAA to DON and DOG 
was larger, with a maximum mean value of 41 % of DON and 2 % of DOG, with no 
significant distinction between waters from drained and undrained soil (Figure 4.63). 
Presumably, the remainder of the DON fraction was in amino acid species not detected in 
this study (e.g. ORN, PRO) , in non-protein N (Ghen et al., 1977) or in non-hydrolysable N 
forms (Leinweber and Schulten, 2000). 
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Figure 4.63 Mean percentage contribution of DGAA to DON (clear bars) and DOG (grey 
bars). Vertical lines represent s.e. 
The results for the contribution of total DGAA to TN are a little lower than the figure that is 
generally reported for the contribution (- 40 %) of combined amino acids to TN in soil 
hydrolysates (Stevenson, 1982a). Nonetheless, the results are in reasonable agreement 
with those in the literature. 
lt is interesting that both the total DFAA and DGAA fractions made a more significant 
contribution to DON than DOG, which suggests that the DON and DOG were not derived 
from the same parent structures. 
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There was no significant correlation between either total DFAA or total DCAA 
concentrations with DON concentration. DCAA correlated with DOC better than DFAA, 
though the result was not significant. There was a weak positive correlation (r = 0.565) 
between DFAA and DCAA concentrations (Table 4.22). 
r 
Total DCAA Total DFAA DON DOC 
Total DCAA 
Total DFAA 0.565 
DON 0.078 0.638 
DOC 0.415 0.043 0.364 
Table 4.22 Correlation coefficients (r) of total DFAA, total DCAA, DON and DOC 
concentrations (n = 432). 
4.3.6 Contribution of dissolved free amino acids to dissolved total amino acids 
The overall mean of the total DTAA concentrations was 4.2 ~M. with a range of between 5 
nM to 88 ~M. The total DFAA fraction represented an overall median value of 3 %. The 
contribution of DFAA to DTAA was significantly larger in drained soils compared with 
undrained soils (data not presented). 
4.4 Storm Event 
Temporal changes in amino acid concentrations during periods of fluctuating soil water 
flow were examined by collecting samples from one of the Rowden lysimeters during a 
storm event. Surface runoff samples were collected periodically from the weir of a 
Conventional N undrained lysimeter throughout the duration of a 48 h period of intensive 
rainfall that occurred between 2"d - 41h April 2000. The samples (11) were collected, 
prepared and analyzed for DFAA, DCAA, DON, and DOC using the methods described 
previously in Chapters 2 and 3. 
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During periods of low water export from the lysimeter, the flow rate was determined by 
measuring the volume of water collected over 30 seconds using a 500 ml graduated 
cylinder held under the inlet pipe of the weir. When water export increased, the flow rate 
was measured by recording the time taken to fill a 5 I measuring jug. Three readings were 
taken for each flow recording to obtain the mean flow rate. Hourly rainfall data was 
obtained from an automatic weather station that is situated close to the field site. 
4.4.1 Results 
The total rainfall over the 48 h period was 38.1 mm, with 26 mm of this falling during the 
first 24 h period and 11.2 mm in the second. The hourly rainfall and the flow rate of 
surface runoff at sampling times is shown in Figure 4.64. There was a 28 h delay in the 
peak water flow (8.3 I s·1) through the weir from the onset of the rainfall, by which time the 
majority of the rain had fallen. 
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Figure 4.64 Rainfall (bars) and mean flow rate though weir (line) during a storm event 
(vertical lines represent s.d., n = 3). 
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Concentrations of DON and DOC ranged between 1.3- 3.2 mg r1 and 37.6- 58.4 mg r1 
respectively. DOC concentration declined throughout the storm; neither DON nor DOC 
correlated with flow rate (Figures 4.65 a, b). 
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Figure 4.65 (a) DOC {+} and (b) DON (x) concentration against flow rate (• ). 
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Total DTAA concentrations ranged between 285- 501 nM with a mean of 370 nM. Total 
DFAA concentration ranged between 2.9- 6.8 nM with a mean of 4.7 nM and represented 
a median of 1.2% of DTAA. Individual DFAA concentrations are shown in Figure 4.66 and 
a summary of the results is given in Table 4.23. Due to an inconsistent retention time, L YS 
has been excluded from the data, as it could not be reliably identified. 
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Figure 4.66 Individual DFAA concentration and flow rate of water during a storm event. 
Some amino acids showed more variability in concentration than others, ranging from a 
coefficient of variation of 18 % (ASP) up to 57 % (MET}. The total and individual 
concentrations were tested for correlation with flow rate. The only significant effects were 
that ASP was negatively correlated with flow rate (r = -0.760). HIS was positively 
correlated (r = 0. 713), whilst GL Y showed a positive but weak relationship with flow rate 
(Table 4.23). 
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Amino acid Mean 
ASP 0.5 
GLU 0.5 
SEA 0.3 
HIS 0.5 
GLY 0.7 
THR 0.2 
ARG 0.2 
ALA 0.7 
TYR 0.2 
MET 0.1 
VAL 0.2 
PHE 0.2 
ILE 0.1 
LEU 0.3 
Total DFAA 4.7 
s.d. %cv r 
±0.1 18 -0.760 
± 0.2 43 -0.089 
± 0.1 43 0.249 
± 0.2 44 0.713 
± 0.2 26 0.423 
± 0.1 54 -0.002 
± 0.1 24 0.323 
± 0.2 33 0.353 
± 0.1 40 0.102 
± 0.0 57 -0.251 
± 0.1 34 0.248 
± 0.1 41 0.087 
± 0.0 45 0.177 
± 0.1 42 0.098 
± 1.23 26.2 0.248 
Table 4.23 Summary of individual DFAA concentrations (nM) and correlation coefficients 
(r) with flow rate (n = 11 ). 
Total DCM concentrations ranged between 280 - 495 nM with a mean of 364 nM. 
Individual DCAA concentrations are shown in Figure 4.67 and a summary of the results is 
given in Table 4.24. 
MET was not detected in any of the samples and L YS was not included, as explained 
previously. The figure shows that GL Y was the most abundant amino acid throughout the 
storm. Generally, concentrations were less variable within distributions than was seen with 
DFAA, with coefficients of variation ranging between 19 - 40 %. The total and individual 
amino acid concentrations showed a weak negative correlation with flow rate (Table 4.24). 
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Figure 4.67 Individual DCAA concentration and flow rate of water during a storm event. 
Amino acid Mean s.d. o/ocv r 
ASP 35.2 ± 8.7 24 -0.420 
GLU 21 .0 ± 5.2 25 -0.285 
SER 36.6 ± 11.1 30 -0.411 
HIS 37.1 ± 11 .0 29 -0.073 
GLY 116.6 ± 27.1 23 -0.454 
THR 27.5 ± 8.6 31 -0.206 
ARG 2.2 ± 0.8 35 -0.218 
ALA 35.1 ± 7.1 20 -0.451 
TYR 5.7 ± 2.3 40 -0.337 
VAL 20.4 ± 3.9 19 -0.370 
PHE 3.1 ± 0.9 31 -0.546 
ILE 10.4 ± 2.2 21 -0.338 
LEU 13.0 ± 2.8 21 -0.437 
Total DCAA 363.8 ± 76.6 21 -0.427 
Table 4.24 Summary of individual DCAA concentrations (nM) and correlation coefficients 
(r) with flow rate (n= 11 ). 
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4.5 Discussion 
4.5.1 Dissolved free amino acids 
The results for DFAA cannot be easily compared directly to data in the literature since 
most data reported are from one-off studies performed on hydrolysed soil extracts from 
different types of agronomic systems, soil types and climate. As a guideline, Stevenson 
(1982a) gives an estimated concentration figure of between 1 o·5 to 1 o·6 M for amino acids 
in soil solutions. Therefore, the DFAA data that were obtained from this study make a 
unique contribution to the current understanding of amino acid movement in soils. 
There is certainly very little published information recording regular evaluation of the 
dynamics and movement of DFAA from temperate grassland systems. As a consequence, 
some comparisons have been made with DFAA values reported for non-grassland and 
non-terrestrial systems. 
The studies described in this chapter found that the overall mean total DFAA 
concentration was 280 nM, with a range of 1 nM - 6.1 IJM, and the largest concentrations 
were from undrained soils receiving mineral N input. The overall mean of individual DFAA 
concentrations over the 3 years data was 23.3 nM, with a range of between 0.01 nM - 2.5 
IJM, showing that there was large variability in concentrations both within and between 
years. The order of magnitude of the range of concentration data was generally consistent 
in that the minimum concentration was <0.1 % of the maximum concentration in any given 
year. Typically, concentrations were larger at the beginning and gradually decreased 
towards the end of the drainage period. 
The mean proportion of DFAA concentration to DTAA was 3 %. This is in keeping with of 
the values found in the literature for natural waters. For example, river DFAA 
concentrations typically represented about 2 % of the DTAA concentration (lara et al., 
1998). Generally, the concentration of DTAA in rivers is approximately 1 - 5 IJM whilst that 
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of coastal waters is 0.5 - 1.2 iJM. Usually, DTAA and DCAA are approximately 4 to 10 
times greater than DFAA (Thurman, 1985). 
Some DFAA exhibited more variability than others. For example, GLU, SER, GL Y, ALA, 
MET and L YS showed > ± 50 nM deviation from the mean whilst ASP, HIS, THR, ARG, 
TYR, VAL and PHE showed < ±50 nM deviation. This suggests that the latter amino acids 
are either produced and/or consumed at a steady rate. 
The results are in keeping with total DFAA concentrations in 10 % ethanol extracts of a 
loamy sandy soil as reported by Warman and Bishop (1987), which were in the range of 
0.1 - 59 nM. However, DFAA concentrations were at least a thousand fold less than those 
generally found in extracted soil waters (Monreal and McGill, 1985; Kielland, 1995; Beavis 
and Mott, 1996). This is possibly due to dilution by runoff/drainage waters during rainfall 
events, but may also be an indication that the so-called 'free' amino acids in soil pore 
waters are relatively immobile. The concentrations were, however, of the same order of 
magnitude as those found in freshwater systems (Telang et al., 1982; Thurman, 1985; 
Fiebig and Marxsen, 1992) and marine waters (Furhman and Ferguson, 1986; Evens et 
al., 1988; Lara et al. , 1998). 
The overall ranking order for DFAA, based on mean concentration, was: GL Y > L YS > 
SER > MET> ALA> GLU >ASP> VAL > THR > LEU > ILE > TYR > ARG > HIS > PHE. 
The ranking order varied slightly from year to year but GL Y, L YS and ALA were 
consistently in the top 6 for all 3 years suggesting that they were of microbial origin. The 
ranking order shows some similarity to that reported by Abuarghub and Read (1988b) for 
an organic heathland soil (HIS> GLU > ALA > SER > ASP > LEU > VAL > GLY > ARG > 
ILE > L YS > PHE and TYR) with the notable exception being that GL Y and L YS make a 
greater and HIS makes a lesser contribution in the Rowden Drainage Experiment 
samples. 
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Despite different hydrology and fertilizer N input, there were very few significant or 
consistent differences in individual DFAA mean concentrations between treatments. 
Where there were differences, these were not consistent between years, except for ARG 
which was greater (p <0.01) in the 3 year mean of the samples from an undrained soil 
receiving mineral N input. 
The %RMD of individual DFAA was also remarkably similar between lysimeters within 
years. This was to be expected since there were few significant and consistent differences 
in concentration. The mean pattern of %RMD distribution differed between years (Figure 
4.6), though what caused the variation was not determined. 
The most predominant species was GLY, which could represent as much as 30 %of the 
total DFAA concentration. This has also been observed in other natural systems (Warman 
and Bishop, 1987; Braven et al., 1995 ; Dittmar et al., 2001 ). One possible reason for such 
large levels of GL Y in waters relative to other amino acids is that, despite the fact that 
structurally it is the simplest, it is not a preferred substrata for microbes. Fiebig and 
Marxsen (1992) showed that biofilm on a stream-bed immobilized a mixture of DFAA 
quicker than GL Y on its own. Also, in a forest soil, a supply of GL Y took about 20 days to 
be exhausted and for bacteria to reach their maximum population (Nioh, 1976). Other 
workers have found that GL Y supported a smaller microbial population than any of the 
other 10 amino acids used as substrates, apart from SER (Lipson et al., 1999a). The 
same study also found that plants competed 3.25 times better than microbes for GL Y, 
compared with GLU in conditions of reduced soil N availability. Whether this would be the 
case in N rich soils is uncertain. 
Elevated levels of GL Y in soil waters could be the result of urine inputs of grazing 
livestock during the grazing season, since up to 16 % of urine N may be in this form 
(Kreula and Ettala, 1977; Bristow et al., 1992 ). 
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Thus, it seems likely that there is a potential for GL Y to accumulate in soil during periods 
of limited soil water movement. Since it has a neutral charge, it is less likely to be 
adsorbed to soil components and is therefore available to be exported in surface runoff 
and drainage waters during rainfall events. 
There were no significant effects of different fertilizer N input on the %RMD of individual 
DFAA. However, analysis of the data within different hydrology showed that MET and VAL 
were greater in a drained soil compared with an undrained soil receiving 280 kg N ha·1, 
whilst L YS was greater and ASP was smaller in a drained soil compared with a undrained 
soil receiving no N input. 
Lack of statistically significant differences in either the concentration data or the %RMD 
data is partly due to the drawback of having to use time series data for replication. Large 
standard errors of the mean resulting from occasional temporal variability between 
lysimeters within the same treatment often exceeded those between lysimeters under 
different treatments. 
The trend in %RMD distribution of grouped DFAA data, based on the properties of their 
side chains, followed the order neutral > acidic> basic from all the lysimeters except one. 
Of the DFAA with neutral side chains, the most dominant species were those that are non-
polar (ALA, MET, VAL, PHE, ILE, LEU and GLY). This was mostly due to the contribution 
of GL Y discussed previously. 
The abundance of neutral over acidic and basic amino acids has been reported elsewhere 
for heathland soils (Abuarghub and Read, 1988b), in the distribution of amino acids down 
the profile of peat bog soils (Kunnas and Eronen, 1994), and in fossil soils of the 
Quaternary period (Szponar and Szajdak, 2003). Neutral amino acids have also been 
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found to be the most abundant of humic and fulvic bound amino acids (Szajdak et al., 
2003). 
Analysis of the DFAA %RMD using Lin's concordance correlation showed that there were 
differences between lysimeters under different hydrology and fertilizer treatments, but that 
these differences were inconsistent over the 3 years. There was often greater correlation 
between lysimeters under different hydrology and fertilizer regimes compared with 
lysimeters under the same treatment. The overall Pc correlation coefficients showed that, 
within years, the lysimeter patterns were similar, but that there was decreasing similarity 
over the 3 year period. 
Further investigations for the existence of any patterns in the data was performed using 
the yearly means of lysimeter data, in order to remove some of the error resulting from 
temporal differences discussed previously. Hierarchical cluster analysis showed that only 
the lysimeters in the Conventional N undrained treatment could be considered to form a 
distinct group. Principal components analysis showed that these lysimeters were 
associated with a greater abundance of ALA, ARG, LEU and THR. Quite why these 
particular amino acid compounds should be associated with a fertilized undrained soil is 
not clear since they do not fall into any shared category regarding the property of their 
side chains, solubility, or C : N ratio. 
Discriminant analysis was able to distinguish between treatments with a 92 % success 
rate. When tested with a suite of 'unknown' samples, the model was unable to correctly 
identify leachate samples from grass/clover soil and allocated them to either Zero drained 
or Conventional N drained and undrained groups instead. This would suggest that the soil 
under a grass/clover sward could not be considered to behave differently from those 
under a pure ryegrass sward. One explanation of this might be that the proportion of 
clover in the swards may not be at a sufficient level to have a great, if any, influence on 
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DFAA distribution. In contrast, samples from Zero N drained and Conventional N drained 
and undrained soils were allocated membership to the correct groups with a 1 00 % 
success rate. 
An attempt was made to determine the possible source of DFAA by discriminant analysis 
of the distribution data for the treatments and the main grassland soil components that 
were identified in Chapter 1: Figure 1.4. The analysis suggested that the main source for 
DFAA could be either the microbial biomass or SOM depending on the addition of fertilizer 
N. The variation in association may have resulted from greater microbial activity and more 
advanced SOM processing in soil that has received fertilizer N inputs, compared with soil 
that has received no fertilizer N inputs. Moreover, the lack of an association with the 
distribution values for other inputs to SOM (plants, livestock wastes) implies that the 
microbial community had the strongest influence on the patterns of soil DFAA. However, 
this is only a tentative proposition as the component database, which was devised from 
published values, was very small and PCP analysis showed that the treatment distribution 
patterns formed a distinctly separate group from those of the components. 
4.5.2 Dissolved combined amino acids · 
The overall mean total DCAA concentration was 3.9 iJM, with a range of 1.3 nM- 87 iJM 
and the largest concentrations were from the Conventional N undrained treatment. 
The overall mean individual DCAA concentration over the 3 years data was 310 nM with a 
range of between 0.1 nM - 28 iJM, and there was large variability in concentration both 
within and between years. The 2000-01 mean concentration was 3 and 4 times that of 
1998-99 and 1999-00 respectively. The drainage volume for 2000-01 (868.6 mm) was 148 
mm and 250 mm greater than that for 1998-99 and 1999-00 respectively, but there is no 
evidence that this had an impact on the concentration data. Generally, DCAA 
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concentrations were larger at the start and gradually decreased towards the end of the 
drainage period. 
Comparison of the range of individual DCAA concentrations with literature values is 
difficult since these are more often than not reported on a w/w extracted soil basis rather 
than solution concentration. As an indication though, in Thurman's review of literature on 
the biogeochemistry of natural waters, he reports a range of 5 - 100 IJM for interstitial 
waters from soil and sediments in marine and freshwater environments {Thurman, 1985) 
and Colombo et al. {1998) report a concentration range of DCAA at 5 - 32 j..Jm for river 
sediment porewaters. When compared with literature values for aquatic water bodies, the 
DCAA data is in the same order of magnitude as the range for fresh waters such as rivers 
(5 - 10 IJm), lakes (1 - 6 1-1m) and marine water (0.5 - 2 IJm) (Thurman, 1985 ; Sommerville 
and Preston, 2001 ), though the upper values are somewhat larger than those reported. 
The most variability in the data was exhibited by GL Y, L YS, ALA, HIS, ASP, THR and 
VAL, with standard deviations from the mean greater than± 1000 nM; of these, LYS and 
VAL had especially large coefficients of variation. The variability could be an indication of 
the variation in amino acid composition of peptides and the frequency with which they are 
present in soil solution. 
The ranking for DCAA species followed the order of GL Y > ASP > ALA > THR > HIS > 
GLU > L YS > VAL > ARG > SER > LEU > MET > ILE > PHE > TYR, which was quite 
different to that of DFAA, with the exception that GL Y was the most abundant in both 
fractions and PHE was one of least abundant. The ranking shows some similarity to the 
order found in the literature in that GL Y, ALA, ASP and GLU are generally the most 
abundant amino acids, though GLU did not rank as highly as is often reported. 
Individual DCAA and total DCAA concentrations were generally smaller from drained 
compared with undrained soils, which suggests a reduced level of proteinaceous material 
in these waters. This may be an indication of either greater microbial activity associated 
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with a higher degree of aerobiosis of the soil due to drainage and/or that less 
proteinaceous material was transferred down the soil profile compared with material 
moving laterally in undrained soil. 
GL Y was the most abundant species, at times contributing up to 30 % of the total. The 
predominance of GL Y reported in the literature for other systems was discussed earlier. 
There were significant differences in %RMD between treatments, the most notable being 
that LYS and MET were significantly greater (p <0.001), and ASP, SER and THR were 
significantly smaller (p <0.001) in drained soil compared with undrained soil though the 
mechanisms for this association are not clear. 
The trend in DCAA grouped on the basis of the charge properties of their side chains 
followed the order of acidic > basic > neutral. The acidic group (ASP, GLU) was 
significantly larger than the other groups in undrained compared with drained soils. This is 
in contrast to DFAA where the neutral amino acids were more abundant. Of the neutral 
DCAA, the greatest contribution came from amino acids with non-polar side chains. 
Analysis of the patterns of distribution using Lin's concordance correlation showed that as 
with the DFAA, sometimes lysimeters within the same treatment were less correlated with 
each other than with lysimeters in other treatments. This was particularly the case within 
the Grass/clover treatment. In contrast, pairs of lysimeters in both the Conventional N 
drained and undrained treatment correlated better with each other than with lysimeters in 
other treatments. Generally, there were differences between treatments though these 
were somewhat erratic from year to year. 
Principal components analysis and subsequent biplot, show that the undrained soils were 
closely associated with the acidic and hydroxyl-group amino acids. The Grass/clover 
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treatment was associated with TYR, PHE and ARG. Plant extracts of clover have a 
greater abundance of TYR and PHE compared with ryegrass extracts (Chapter 1: Section 
1.7.2), which suggests that the DCAA found in waters from the Grass/clover treatment, 
could be of clover origin. 
Hierarchical cluster analysis showed that paired lysimeters in the Conventional N drained 
and Conventional undrained treatments formed discrete groups. The former were 
associated in particular with a larger abundance of LEU and the latter were closely 
associated with a greater abundance of ASP, SEA, GLU, and THR. 
Discriminant analysis was used to model the data and was able to classify lysimeters 
correctly. However, when the model was tested with a set of 'unknown' samples, it failed 
to allocate them to their correct groups. 
As for DFAA, an attempt was made to determine the possible source of DCAA by 
discriminant analysis of the distribution data for the treatments and the main grassland soil 
compo~ents that were identified in Chapter 1: Figure 1.4. The analysis suggested that the 
main source for DCAA was SOM and that primary sources of soil protein could not be 
identified. However, the problem of basing a comparison of treatment distributions with 
those in the literature was identified previously (section 4.5.1 ), and therefore there is some 
uncertainty in the results of this analysis. 
4.5.3 Relationship between dissolved free and combined amino acids 
The dissimilarity between patterns of DFAA and DCAA is indicative of the transformation 
that the DCAA have undergone during processing by the soil biomass. The DCAA fraction 
represents proteinaceous material in various stages of decomposition whilst the DFAA 
fraction almost certainly exists as a 'melting pot' of amino acids. The DFAA pool is 
contributed to at a range of rates by root/microbial exudates, decomposition of CAA and 
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DCAA, desorption of amino acids from soil and humic materials, and is depleted by 
plant/microbial uptake, adsorption onto soil and humic materials and leaching. 
4.5.4 Storm event 
The temporal variation in DFAA and DCAA was explored by collecting samples 
throughout the duration of a 48 h storm event. Results showed that the mean total DFAA 
concentration was 4.7 ± 1.2 nM whilst mean total DCAA concentration was 364 ± 76.6 
nM. Generally individual DCAA concentrations were less variable within the distributions 
than was seen in the DFAA. Of the DFAA, ASP was negatively correlated with flow rate 
whilst HIS and GLY were positively correlated with flow rate, though GLY showed only a 
weak relationship. There was no relationship between total DFAA and flow rate. In 
contrast, total DCAA and all of the individual DCAA showed a negative, albeit weak, 
correlation with flow rate suggesting that DCAA are less labile than DFAA. 
The fate of DFAA exported from the lysimeters was examined by comparing their pattern 
with that found in a nearby river receiving exported waters from the Rowden site. River 
water samples were collected hourly over a 24 h period and were analysed for DOG, DON 
and DFAA, the details and results of which are given in Chapter 6. 
4.6 General conclusions 
4.6.1 Dissolved free amino acids 
1. The overall mean total DFAA in surface runoff and drainage waters was 280 nM. 
The greatest concentrations came from an undrained soil receiving inorganic N 
fertilizer. 
2. The overall mean individual DFAA concentration was 23 nM. 
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3. There was large variability in DFAA concentrations within years and between 
years. Some species were more variable than others: GLU, SEA, GL V, ALA, and 
MET had a greater than ± 50 nM deviation from the mean. 
4. The ranking order of yearly mean concentration varied from year to year but GLV, 
L VS and ALA and SEA were consistently in the top 6. 
5. There were differences in the distribution of individual DFAA between treatments 
but these were somewhat chaotic and therefore unpredictable. 
6. Differences in soil hydrology had more of an influence on the variation in DFAA 
distribution profiles than fertilizer. Overall, MET and VAL were significantly greater 
in waters from drained compared with undrained soil receiving inorganic fertilizer, 
whilst L VS was greater and ASP was smaller in waters from drained compared 
with undrained soil receiving no inorganic fertilizer. 
7. Pattern analysis showed that ALA, AAG, LEU and THR were more abundant in 
waters from an undrained soil receiving inorganic fertilizer. 
8. Generally, charge groups followed the order of neutral > acidic > basic and of the 
neutral DFAA, non-polar were more abundant than polar uncharged. 
9. The abundance of ARG positively correlated with that of PHE. 
10. There was no evidence to suggest that DFAA concentrations were affected by the 
flow rate of surface runoff and drainage waters. 
4.6.2 Dissolved combined amino acids 
1. The overall mean total DCAA was 4.0 iJM. The greatest concentrations were from 
an undrained soil receiving fertilizer N input. 
2. The overall mean individual concentration DCAA concentration was 306 nM. 
3. There was large variation in concentrations within year and between years. The 
most variability was shown by GLV, LVS, ALA, HIS, ASP, THA, and VAL which all 
had standard deviations from the mean at greater than ± 1000 nM. 
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4. The ranking order of yearly mean concentration varied between years but GLY, 
ASP, ALA and THR featured consistently in the top 6 and were generally the most 
abundant species. 
5. Both hydrology and fertilizer had an effect on DCAA distribution. ASP, SEA and 
THR were significantly smaller and L YS, MET were significantly greater in 
abundance in waters from drained compared with undrained soils (both receiving 
fertilizer N inputs). Differences of DCAA abundance between fertilizer inputs were: 
ARG, Grass/clover N >Zero N > Conventional N. 
HIS, Zero N > Conventional N > Grass/clover N. 
L YS, Grass/clover N > Conventional N > Zero N. 
6. Pattern analysis showed that undrained soils were associated with a greater 
abundance of the acidic and hydroxyl group amino acids. Grass/clover soil was 
associated with the aromatic amino acids and which be a diagnostic of clover as 
the source material. 
7. Charge groups generally followed the pattern acidic > neutral > basic and of the 
neutral DCAA, non-polar were more abundant than polar uncharged. 
8. There were no correlations between individual DCAA compounds. 
9. There was no evidence to suggest that DCAA concentrations in surface runoff an 
drainage waters were affected by flow rate. 
4.6.3 Relationship between dissolved free and combined amino acids 
Patterns of amino acid distribution between the DFAA and DCAA fractions were different 
from one another, which is indicative of the transformation processes and interaction with 
other soil constituents, that proteinaceous materials have undergone. 
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Chapter 5: Dissolved free amino acids in drainage waters from 
different soil types 
5.1 Overview 
This chapter describes the investigations that were carried out to determine the 
concentration and patterns of DFAA distribution in leachates and their contribution to DON 
and DOC, from soils with different textural properties. Leachates were collected during 
one winter drainage period from naturally draining monolith lysimeters consisting of 4 
different UK soil types. 
5.2 Introduction 
As discussed earlier in Chapter 1, there is a limited amount of information on the quantity 
and distribution of amino acids at native concentrations in soil solution. Even less is 
known about their losses via water export from soils. The studies described in Chapter 4 
made some progress in redressing gaps in the knowledge by quantifying the losses and 
distribution of DFAA and DCAA exported in lateral flow and drainage waters from one soil 
type that was either in a natural undrained state or had been artificially drained using tile 
and mole drains. The data showed that there were differences in both quantities of total 
DFM and total DCAA and relative distributions of individual amino acids, associated with 
hydrology. However, the studies do not necessarily represent what may occur in lighter 
textured and naturally draining soils. 
Since clays have the potential to preferentially preserve basic amino acids (Hedges and 
Hare, 1987), there could be differences in relative abundance of amino acids in drainage 
waters from soils with varying clay contents. Evidence for selective adsorption of acidic 
amino acids in non-clay soil has been demonstrated by Carter and Mitterer (1978) who 
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found that carbonate sediments were more enriched with ASP and GLU compared with 
non-carbonate sediments. 
Sandy soils have a greater infiltration capacity due to the larger pore spaces between 
particles and most water held is at a lower tension compared with clayey soils (Foth, 
1978). As a result, sandy soils have a greater degree of aeration and thus organic matter 
turnover is more rapid (Brady and Weil, 1999). This, in addition to a reduced proportion of 
clay and the fewer exchange sites available for amino acid adsorption, suggests that there 
may be differences in amounts of labile amino acids in drainage waters from sandy 
textured soils. 
Data from 3 independent studies (Chen et al. , 1977; Goh and Edmeades, 1979; Beavis 
and Mott, 1999) suggest that although there are differences in total concentration, there is 
little difference in T AA distribution between extracts of soil with different textures, 
illustrated in Figure 5.1. 
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Figure 5.1 Relative distribution of TAA in extracts following 6 N HCI hydrolysis of air-dried 
soils of different textural class. (Data from Chen et al., 1977; Goh and Edmeades, 1979; 
Beavis and Mott, 1999 ; vertical lines represent s.d. where applicable). 
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Despite the apparent similarity between soil types, there are instances where differences 
have been reported. For example, FAA data given in Nemeth (1988) for 3 different arable 
soil types shows that ASP was not detected, whilst hydrophilic amino acids, (SEA and 
THR) were more abundant in soil solutions extracted by electro-ultrafiltration from a sandy 
soil, compared with a clay loam and a loam. Basic amino acids were not detected in any 
of the samples and were assumed to be adsorbed by soil colloids. 
Similarly, SEA and THR, were more abundant in centrifuged soil waters from a brown 
chernozem with a sand and clay content of 58 % and 12 % respectively compared with a 
dark brown chernozem with a sand and clay content of 40 % and 35 % respectively. 
Despite the different clay content of the 2 soil types, there were no differences in basic 
amino acid content (Monreal and McGill, 1985). 
The present study set out firstly to quantify the levels of DFAA and their contribution to 
DOC and DON in drainage and percolate waters from 4 soils with different textural 
properties. Secondly, the aim was to determine if distribution patterns of DFAA could be 
associated with soil type. The hypothesis was that soil texture would have an effect on 
both quantity and distribution of DFAA, since it determines the amount of sites available 
for adsorption as well as the hydraulic properties of the soil. 
5.3 Description of the site 
An existing experimental set up at the Institute of Grassland and Environmental Research, 
North Wyke, was used, which consisted of monolith lysimeters of well established, intact 
blocks of soil (135 cm deep and 80 cm diameter) set into the ground on a field site known 
as Little Burrows. The soils were collected using mechanical equipment during the autumn 
and winter of 1977 and were originally established at the Grassland Research Institute, 
Hurley, Maidenhead. The lysimeters were moved to their current location in 1982. The 
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initial collection and installation of the monoliths followed a method described by Belford 
(1979) and consisted of four different UK grassland soil types. Briefly, a 10 t hand 
operated hydraulic ram was used to push a glass-fibre reinforced polyester casing (80 cm 
o.d, 78 cm i.d. and 135 cm in length), that had been mounted on a steel cutting ring (78 
cm i.d.), into the soil. The casing, complete with soil and weighing -1400 kg, was removed 
by a tractor fitted with hydraulic lifting gear, after fitting a steel lifting ring to the casing. 
The construction of the lysimeters was such that they had pea-shingle at the base and a 
single outlet pipe at a depth of 135 cm to facilitate the collection of water draining naturally 
under gravity. A brief description of the 4 soil types and where they were obtained from, 
together with references for more detailed descriptions are given in Table 5.1. The textural 
properties of the four soils for a depth of 0 - 30 cm is given in Table 5.2. These 
measurements were obtained when the soils were originally collected. 
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Soil Type USDA classification 
Silty clay Typic Haplaquept 
Clay loam Dystochrept 
Sandy loam Hapludalf 
Sandy Udipsamment 
Brief Description 
Poorly drained, clayey pelo-stagnogley over 
shale of the Tedburn series. 
Well drained, deep loamy acid brown earth of 
the Radyr series derived from brown 
fluviogalcial drift from carbonifereous 
sandstones and shales 
Free draining brown earth from loamy drift over 
chalk of the Frilsham series. 
Rapidly draining, deep sandy soil of the 
Newport series derived from fluvioglacial 
deposits with a sandy texture throughout the 
rofile. 
Table 5.1 Description of the soil types in the monolith lysimeters. 
Soil texture 
Soil series 
% clay (0.002 mm) 
% silt (0.002 - 0.02 mm) 
% fine sand (0.02 - 0.2 mm) 
% coarse sand (0.2 - 2 mm) 
%total sand (fine+ coarse) 
Ratio clay : total sand 
Bulk density (g cm.3) 
silly clay 
Tedburn 
22.3 
25.6 
44.5 
3.6 
48.1 
0.46 
1.06 
clay loam 
Radyr 
16.7 
19.6 
45.3 
16.1 
61.4 
0.27 
1.39 
Table 5.2 Textural properties of the four soil types in the monolith lysimeters ( 0- 30 cm). 
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Origin 
Devon 
Glamorgan 
Berkshire 
Nottinghamshire 
sandy loam 
Frilsham 
17.5 
9.8 
36.7 
32.5 
69.2 
0.25 
1.37 
Reference 
Harrod (1978) 
Crampton (1972) 
Mackney (1986) 
Reeve (1976) 
sandy 
Newport 
10.1 
10.1 
34.9 
43.2 
78.1 
0.13 
1.43 
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There were four replicates (A, 8, C, D) of each soil type making sixteen lysimeters in total 
which were arranged randomly in a grid pattern. The surface of each of the lysimeters was 
at ground level (Plate 5.1) and access to the base of the lysimeters was through a 
purpose built underground chamber (Plate 5.2). 
Plate 5.1 Surface view of the monolith lysimeters on the Little Burrows site. 
Plate 5.2 View inside the underground chamber which houses the monolith lysimeters 
showing the outlet pipes and containers for the collection of water draining freely under 
gravity. 
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The suriace of the soil was sown with perennial ryegrass (L. perenne var~ Gilford), which 
was cut periodically for maintenance purposes. The lysimeters were exposed to natural 
climatological conditions and leachates draining under gravity were collected at the base 
of the lysimeters. Previous uses of the lysimeters have included investigating P losses 
from soils (Turner and Haygarth, 1999; Turner and Haygarth, 2000). 
Immediately prior to this study, the previous management of the lysimeters was designed 
to investigate P losses from grassland following applications of slurry (Whitehead, 2002). 
In April 2000 the lysimeters were sprayed with herbicide to kill off the existing herbage, left 
for two weeks, were 'ploughed' by digging down to 10 cm and turning over the topsoil and 
were reseeded with perennial ryegrass at the equivalent rate of 80 kg seed ha·1• Each 
lysimeter received regular applications of dairy slurry over the following 3 years, the last 
one being in February 2001. A full history of the agronomic and nutrient management of 
the lysimeters up to 2000 is given in Table 5.3. 
Dates Management 
1978-1984 Original grass sward. 
1985-1986 
1987-1988 
1988-1989 
1989-90 
1990-91 
1991-93 
Mineral fertilizer. 
Mineral fertilizer on replicates C and D only. 
Replicates A and C resown with L. perenne. 
Replicates 8 and D resown with L perenne and T. 
repens. 
Cattle slurry application to all replicates. 
Mineral fertilizer 
Slurry 
Mineral fertilizer - 2 applications 
Slurry 
Mineral fertilizer 
1993-97 Mineral fertilizer 
1997-98 Mineral fertilizer 
1998-2000 Dairy slurry 
Nutrient inputs (ha.1) 
420 kg N, 42 kg P, 210 kg K 
100 kg N 
340 kg N 
0 kg N, 25 kg P, 50 kg K 
320 kg N 
0 kg N, 25 kg P, 50 kg K 
320 kg N 
0 kg N, 25 kg P, 50 kg K 
No inputs 
40 kg p 
25 kg p 
143 kg P, N and K not quantified 
Table 5.3 History of agronomic and nutrient management of the lysimeters since their 
establishment. 
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5.3.1 Collection and analysis of leachates 
Waters draining through the lysimeters were collected over 9 sampling occasions between 
the period of 26th October 2001 to the 5th February 2002. During rainfall events, samples 
were collected using pre-cleaned (acid washed) 250 ml Nalgene bottles, which were 
placed under the outlet pipe serving each lysimeter and left in position until they were full. 
The bottles were sealed and the samples were immediately taken back to the laboratory 
where 100 ml was filtered through 0.2 1-1m into another set of 160 ml pre-cleaned (acid 
washed) bottles and frozen at -20 oc. The 100 ml samples were freeze-dried and 
analyzed following the procedures described in Chapter 2. The remainder of the sample 
was analyzed for N and C using the procedures also described in Chapter 2. Samples of 
rainfall were also collected at each sampling occasion and were treated in the same way 
as the drainage samples prior to analysis for DFAA. 
The bulk of the water draining through each of the lysimeters was collected in separate 
25 I containers which were put in place at the beginning of a rainfall event. These were 
weighed at each sample collection using a spring balance to measure the weight and 
thus, volume of drainage in litres. They were then emptied ready for the next sampling. 
The relationship between accumulated rainfall and volume of drainage collected from the 
lysimeters for each of the sampling occasions is shown in Figure 5.2. As one might expect 
the drainage volumes collected were largest from the more freely draining soils and were 
generally the smallest from the silty clay soil. 
J. M. B. Hawkins 2004 203 Chapter 5 
University of Plymouth 
/GER North Wyke 
30.0 
=- 25.0 
........ 
Q) 
E 20.0 
::J 
0 
> 15.0 Q) 
0> 
(1j 
c 10.0 
"(ij 
..... 
"0 
5.0 
0.0 
1 2 3 
120.0 
100.0 
80.0 ..--. E 
E 
........ 
60.0 (1j 
-c 
40.0 (1j ..... 
20.0 
0.0 
4 5 6 7 8 9 
sampling occasion 
Figure 5.2 Relationship between mean drainage volumes of silty clay ( • ), clay loam ( • ), 
sandy loam ( •) and sandy (•) soil with rainfall (columns). Vertical lines represent s.e. 
only. 
5.4 Results 
5.4.1 Dissolved organic C and N 
DOC concentrations varied between the 4 soil types and followed the order sandy > silty 
clay> sandy loam > clay loam. In contrast, DON concentrations were reasonably similar 
(Table 5.4). The largest DOC : DON ratio was from the silty clay (approximately 14 : 1) 
and the smallest from the clay loam (approx. 3 : 1 ). 
DOC DON 
Soil Type (mg r1} (mg r1} DOC : DON ratio 
silty clay 9.4 0.7 14.3 
clay loam 3.9 1.4 2.7 
sandy loam 8.4 1.3 6.6 
sandy 12.7 1.3 9.9 
Table 5.4 Mean DOC and DON concentrations and DOC : DON ratios (n = 36). 
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5.4.2 Total dissolved free amino acid concentration 
L YS and HIS were excluded from the data set as an inconsistent retention time meant that 
L YS could not be reliably identified and HIS was infrequently detected. Total DFAA 
concentrations ranged between 0.14 nM (sandy loam) to 19.9 nM (sandy), with an overall 
mean of 3.26 nM. The mean total DFAA concentration and range for each of the four soil 
types is given in Table 5.5. Mean total DFAA concentrations followed the trend of sandy> 
sandy loam > clay loam > silty clay though ANOVA showed that there were no significant 
differences between the 4 soil types (data not shown). Concentrations from the sandy soil 
showed the greatest variation (%cv = 119%). 
Soil Type Mean Minimum Maximum s.d. %cv (nM) (nM) (nM) s.e. 
silty clay 3.1 0.3 12.6 3.4 0.65 109 
clay loam 3.1 0.2 12.5 3.1 0.59 99 
sandy loam 3.2 0.1 17.0 3.8 0.69 116 
sandy 3.6 0.2 19.9 4.3 0.78 119 
Table 5.5 Mean and range of total DFAA concentrations (nM) for each soil type, (s.d. = 
standard deviation, s.e. = standard error, %cv = coefficient of variation, n = 36). 
The contribution of DFAA to both DOC and DON was negligible for all the soil types, 
averaging only 0.004 % and 0.09 % respectively (Table 5.6) and were larger in the waters 
from the clay loam compared with the other soils. 
SoiiT e 
silty clay clay loam sandy loam sandy 
DOC 0.004 0.005 0.004 0.003 (0.001) (0.001) (0.001) (0.001) 
DON 0.038 0.160 0.083 0.084 (0.015) (0.048) (0.026) (0.035) 
Table 5.6 Contribution(%) of DFAA to DOC and DON (s.e. in parenthesis). 
Although at times there appeared to be a relationship between mean drainage volume 
and mean total DFAA concentration (Figures 5.3 a, b, c, d), no significant correlation was 
found for any of the 4 soil types (data not presented). 
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Figure 5.3 Relationship between mean total DFAA concentration and drainage (broken 
line) for each soil type (a) silty clay, (b) clay loam, (c) sandy loam, (d) sandy. (Vertical 
lines represent positive s.d. only, n = 4 for each event). 
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5.4.3 Individual dissolved free amino acid concentrations 
A summary of individual DFAA concentrations is given in Table 5.7. Mean concentration 
followed the order MET> SEA> GL Y >ALA> THA > LEU > PHE > ILE > TYA > AAG > 
GLU > ASP > V AL. The largest concentration was 6 nM and the smallest was 0.1 nM. The 
most variation about the mean was shown by PHE (%cv = 124). 
Mean Minimum Maximum 
s.d. %cv Amino acid (nM} (nM} {nM} s.e. 
ASP 0.4 0.1 2.1 0.35 0.041 83 
GLU 0.5 0.1 2.7 0.50 0.068 107 
SER 1.3 0.1 7.5 1.66 0.262 122 
GLY 1.2 0.2 5.9 0.87 0.103 75 
THR 0.6 0.1 1.4 0.31 0.047 53 
ARG 0.4 0.1 1.2 0.25 0.041 64 
ALA 0.8 0.2 2.0 0.54 0.130 66 
TYR 0.4 0.1 1.4 0.38 0.054 95 
MET 1.5 0.1 3.4 1.06 0.283 73 
VAL 0.3 0.1 1.9 0.26 0.029 81 
PHE 0.6 0.1 3.1 0.75 0.181 124 
ILE 0.5 0.1 1.5 0.44 0.104 84 
LEU 0.5 0.1 2.4 0.43 0.052 82 
Table 5.7 Mean and range of individual DFAA concentrations, (s.d. =standard deviation, 
s.e. = standard error, %cv =coefficient of variation, n = 144). 
The mean individual DFAA concentrations for each of the soil types is shown in Figure 
5.4. Generally, the concentrations were similar between soil types but ANOVA, following 
log transformation of the data, showed that there were significant differences in 
concentration of SEA, THA, MET and ILE between the 4 soils (Table 5.8}. SEA was 
significantly greater (p <0.01) from the sandy soil compared with any of the other soils and 
THA was significantly greater (p <0.01) from the two loam soils compared with the other 2 
soils. MET was significantly greater (p <0.001 ) from the sandy loam compared with the 
silty clay and sandy soil, and the concentration from the clay loam was only greater (p 
<0.001) than that of the sandy soil. 
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Figure 5.4 Mean individual DFAA concentrations for silty clay (black) , clay loam (hashed) , 
sandy loam (clear) and sandy (grey) soil. Vertical lines represent s.e. 
Amino acid silty clay clay loam sandy loam sandy lsd Level of sig. diff. 
ASP -0.685 -0.769 -0.703 -0.842 0.2432 ns 
0.380 0.322 0.283 0.249 
GLU -0.560 -0.746 -0.787 -0.782 0.2365 ns 
0.462 0.311 0.269 0.396 
SER -0.403 -0.204 -0.390 0.059 0.2958 •• 
0.727 0.964 1.112 2.028 
GLY 0.031 -0.052 0.015 -0.041 0.1279 ns 
1.371 0.999 1.102 1.234 
THR -0.491 -0.280 -0.246 -0.480 0.1737 ** 
0.459 0.607 0.638 0.482 
ARG -0.466 -0.608 -0.454 -0.656 0.1655 ns 
0.370 0.321 0.445 0.323 
ALA -0.547 -0.634 -0.498 -0.177 0.316 ns 
0.579 0.555 0.717 0.702 
TYR -0.573 -0.589 -0.674 -0.604 0.1852 ns 
0.370 0.391 0.313 0.392 
MET -0.626 0.085 0.236 -1.415 0.4128 *** 
0.708 1.378 2.164 0.257 
VAL -0.634 -0.728 -0.682 -0.592 0.1741 ns 
0.271 0.273 0.274 0.341 
PHE -0.599 -0.482 -0.400 -0.743 0.2538 ns 
0.319 0.422 1.099 0.361 
ILE -0.477 -0.811 -0.791 -0.580 0.261 ns 
0.443 0.449 0.354 0.389 
LEU -0.406 -0.329 -0.401 -0.472 0.145 ns 
0.492 0.620 0.499 0.444 
Table 5.8 Log mean and natural (italicized) mean individual DFAA concentration (nM) 
between the 4 soil types, (lsd = least significant difference, sig. diff. = significant 
difference, ns = no significant difference, ** = p <0.05, *** = p <0.001, n = 36). 
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5.4.4 Relative molar distribution 
The concentration data were standardised to %RMD for comparison of patterns and the 
means for each soil type are shown in Figure 5.5. ANOVA of the data showed that ARG 
was significantly greater (p <0.001) in waters from the silty clay and sandy loam soils 
which also contained the largest clay contents. MET was significantly greater (p <0.001) 
from the sandy loam compared with the other soils. 
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Figure 5.5 DFAA %RMD means for silty clay (black), clay loam (hashed), sandy loam 
(clear) and sandy (grey) soil. Vertical lines represent s.e. 
The means of the %RMD DFAA, grouped according to the charge of their side chain , for 
each of the soil types are given in Figure 5.6. ANOVA of the means showed that over the 
whole dataset, the neutral amino acids were the most predominant species (p <0.001 ), 
followed by basic then acidic, though there was no significant difference between these 
last 2 groups. 
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Figure 5.6 %RMD of DFAA grouped according to charge of their side chain , (acidic = 
solid, basic= clear, neutral =grey, vertical lines represent s.e.). 
Within soil types, the neutral amino acids were significantly more abundant (p <0.001) in 
water from the clay loam and the sandy loam soils compared with acidic amino acids, 
whilst in water from the sandy soil, the acidic and neutral amino acids were significantly 
more abundant (p :50.05) than the basic amino acids. There were no significant 
differences between the different charge groups in the silty clay. 
Of the neutral amino acids, the non-polar were significantly greater (p <0.01) than the 
polar uncharged in water from the clay loam and sandy loam, but there were no 
differences in abundance for the 2 other soils. 
Prior to further pattern recognition analysis, missing data was estimated using the 
'Multimissing' procedure in Genstat described in Chapter 4; Section 4.3.1 . Discriminant 
analysis, following canonical variates analysis, of the means of %RMD data for each soil 
replicate showed that the different textural classes could be classified into distinct groups 
on the basis of their DFAA distribution patterns (Figure 5.7). The clay loam and sandy 
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loams appeared to have similar distribution patterns, whereas the sandy and the silty clay 
soils were clearly defined groups. Canonical variates 1 and 2 accounted for 63.6 and 25.6 
%of the variation respectively. 
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+ 
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Figure 5.7 Graph of unit scores (+) and group mean scores (x) resulting from canonical 
variates analysis of the mean %RMD DFAA for each soil type. 
Principal components analysis was used to show the association of the overall means of 
the %RMD DFAA with soil textural classes and the results are illustrated as a biplot in 
Figure 5.8. In particular, water from the sandy soil and clay loam was associated with an 
abundance of SER and GL Y. In contrast, water from the other two soils was distinctly 
different, that from the sandy loam being associated with an abundance of MET, VAL, 
PHE and LEU whilst the silty clay was associated with GLU, ARG and THR. 
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Figure 5.8 Biplot of the association of mean %RMD DFAA data with soil type, (cl = clay 
loam, se= silty clay, si= sandy loam, s =sandy). 
The mean %RMD data for individual DFAA were correlated against the soil textural 
properties given in Table 5.2 (% clay, % silt, % fine sand, % coarse sand, % total sand, 
clay : total sand ratio and bulk density) and the results are shown in Table 5.9 
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Amino acid % clay 
ASP 0.113 
GLU 0.247 
SER -0.008 
GLY -0.317 
THR 0.368 
ARG 0.545 
ALA -0.192 
TYR 0.193 
MET 0.150 
VAL -0.223 
PHE 0.102 
ILE -0.081 
LEU 0.198 
% silt % fine 
sand 
0.217 -0.008 
0.048 0.035 
0.075 0.019 
-0.124 -0.098 
0.256 0.215 
0.302 0.192 
-0.113 -0.118 
0.454 0.368 
-0.240 -0.096 
-0.341 -0.307 
-0.150 -0.130 
0.120 0.033 
0.286 0.438 
% coarse % total clay: bulk 
sand sand total sand density 
-0.136 -0.190 0.236 -0.401 
-0.121 -0.152 0.194 -0.160 
-0.035 -0.041 0.040 -0.087 
0.197 0.230 -0.271 0.235 
-0.305 -0.331 0.355 -0.322 
-0.383 -0.446 0.517 -0.516 
0.153 0.161 -0.170 0.130 
-0.373 -0.358 0.311 -0.343 
0.089 0.081 -0.041 0.185 
0.315 0.305 -0.277 0.266 
0.061 0.031 0.021 0.014 
-0.031 -0.029 0.012 -0.103 
-0.316 -0.251 0.169 -0.010 
Table 5.9 Correlation coefficients (r) of replicate mean %RMD with soil textural properties. 
There was very little or no correlation between the individual DFAA species and the 
physical properties of the soils except for ARG which , surprisingly, had a weak positive 
correlation with % clay (r = 0.545) and clay : total sand ratio (r = 0.517) , and a weak 
negative relationship with bulk density (r = -0.51 6). 
5.4.5 Dissolved free amino acids in rainfall 
At each sampling occasion of the monolith lysimeters, a sample of rain water was also 
collected from the collection bottle of a rainfall gauge that was situated at the Little 
Burrows site. The rainwater was filtered and analysed for DFAA as for the soil water 
samples. The mean concentration of DFAA found in the rainfall are given in Figure 5.9. 
Individual DFAA concentrations were typically <0.4 nM; however, GLU, HIS, MET and 
L YS were below the limit of detection. The most abundant amino acids were GL Y, ALA 
and SER. The pattern of mean DFAA distribution in rainfall bore no resemblance to the 
means of the waters obtained from the lysimeters. 
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Figure 5.9 Mean concentration of DFAA in rainfall , (vertical lines represent positive s.d. 
only; n = 9}. 
5.5 Discussion 
The scarcity of data in the literature for FAA in waters from different soil types and for 
losses in drainage waters means that it is difficult to fully evaluate the data found in this 
study. Nevertheless some contextual comparisons have been made where possible. 
The range in total DFAA concentration (0.02 nM - 19.9 nM) was an order of magnitude 
smaller than those reported for a range of centrifuged soil waters (1 - 50 IJM) by Monreal 
and McGill (1985) and is almost certainly the result of dilution of soil porewaters during 
rainfall events or biodegradation down the soil profile. 
The overall mean (3.13 nM) was much smaller than that of the waters from field scale 
lysimeters reported in Chapter 4. The reason for this is not clear. The leachates from the 
monolith lysimeters are collected at a greater depth (135 cm) in comparison to the drains 
in the field lysimeters (85 cm). Thus, it is possible that more of the DFAA are removed 
from solution through adsorption to soil particles, as they have contact with an extra 50 cm 
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worth of soil profile. A more likely explanation is that the field lysimeters were continuously 
grazed by cattle from spring up until the onset of winter drainage and received dung and 
urine inputs throughout this period, whereas the monolith lysimeters received none. As a 
consequence, the monolith lysimeters received less OM input and therefore, a potential 
source of amino acids. 
There were reduced levels of acidic, and a greater abundance of neutral DFAA in waters 
from the sandy loam soil, which suggests that there was retention of acidic DFAA in this 
soil type. Whitehead et al., (1975) report an abundance of acidic TAA in hydrolysates of a 
sandy loam soil of the same series (Frilsham) under grassland and crops. 
Contrary to expected results, levels of basic amino acids were significantly reduced in 
drainage waters from the sandy soil compared with those of the neutral and acidic amino 
acids. In contrast, larger amounts of basic amino acids were present in waters passing 
through the profile of the silty clay, which had the largest clay percentage of all the soil 
types. The reason for this not clear. One possibility is that during periods of no drainage, 
in the sandy soil with its reduced clay content, there is less opportunity for amino acids to 
become bound to soil particles, meaning that they are available for microbial use. In the 
silty clay, with higher clay content, basic amino acids are bound to clay surfaces and are 
hence protected from microbial attack. At the onset of drainage, the bound amino acids 
are released into solution. 
The lack of HIS in the samples was surprising, particularly as it was detected in the waters 
discussed in Chapter 4. This depletion has been reported before by Monreal and McGill 
(1985), who also found that ARG and LYS, the other basic amino acids, were depleted; 
they suggest that this was the result of binding to clay surfaces. However, ARG was found 
in the monolith lysimeter waters. One possibility is that both ARG and HIS are 
preferentially adsorbed to clay surfaces during period of low or zero water flow, but during 
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drainage events, ARG is released back into solution as it has a greater degree of solubility 
than HIS (Appendix A: Table A.1 ). 
Discriminant and canonical variate analyses showed that there were distinctive patterns of 
distribution in drainage waters from the silty clay and sandy loam soils, though there does 
not seem to be an obvious explanation for the respective amino acids exported from 
either. The freely-draining sandy soil and the clay loam soil were associated with an 
abundance of SER and GL Y. 
5.6 Conclusions 
1. Losses of total DFAA were similar from different soil textures, although 
concentrations were slightly larger in freely draining soils. 
2. There was no evidence to suggest that drainage volume affected the total DFAA 
concentration of drainage waters from any of the soil types. 
3. lt was possible to identify different patterns of amino acid distribution between soil 
types. 
4. Soils with high clay contents do not necessarily retain basic amino acids. 
5. Acidic DFAA are retained in soils with a chalk profile. 
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Chapter 6: Dissolved free amino acids in river water 
6.1 Overview 
This chapter examines the dynamics of DFAA, DON and DOC in river waters, sampled 
throughout a 24 h period. The river receives waters from the Rowden Drainage 
Experiment described in Chapter 4. 
6.2 Introduction 
it is well documented that DON contributes to the trophic status of aquatic systems. In 
particular, the origin and processing of amino acids and their contribution to DON have 
been the focus of many natural water studies, including seawater, rivers and lakes. 
Sources of amino acids in water include SOM. terrestrial and aquatic higher plants, 
phytoplankton, and sediments (Thurman, 1985). Riverine DON represents an important 
link in the transport of N from the terrestrial to the marine environment (Seitzinger et al., 
2002). 
Whilst concentrations and distribution of DTAA, DCAA and DFAA have been reported for 
marine waters (Evens et al., 1982; Mopper and Lindroth, 1982; Braven and Evens, 1984; 
Jorgensen et al., 1993), studies of freshwater systems have largely focused on DTAA. 
For example, as part of a 10 year worldwide study, set up by the Scientific Committee on 
Problems of the Environment (SCOPE) I United Nations Environment Programme 
(UNEP), the concentration of TAA were examined in some of the world's major rivers. 
lttekot et al. (1982) report some of the data for river samples taken on an approximately 
monthly basis over a year. This data is summarised in Table 6.1. 
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River 
Parana 
Orinoco 
Mackenzie 
Zaire 
Indus 
Ganges 
Brahmaputra 
Brahmaputra 
Location 
South America 
South America 
North America 
Africa 
Asia 
Asia 
Asia 
Asia 
Minimum 
1.57 
0.65 
1.14 
1.07 
3.47 
1.56 
1.57 
2.75 
Maximum 
8.42 
2.84 
5.67 
7.56 
12.13 
6.38 
8.41 
15.63 
Mean 
4.49 
1.99 
2.94 
5.28 
7.68 
4.34 
4.28 
5.35 
n 
10 
6 
11 
8 
6 
7 
7 
8 
Table 6.1 Summary of total DTAA concentrations (IJM) for some of the world's major 
rivers. Data taken from lttekot et al. {1982) and adapted using the approximate conversion 
of 100 ug r1 = 1 iJM, n= number of samples). 
The data showed that TAA concentrations ranged between 2 - 9 IJM with a mean of 4.5 
iJM. Elsewhere, an overview of the data for rivers which includes data from some of the 
studies above, gives a range of 0.5 - 10 iJM with a mean value of approximately 1 - 3 iJM 
(Thurman, 1985). Concentrations of TAA are generally larger than those of marine waters 
(see Chapter 1: Table 1.2). 
Concentrations of TAA in estuarine waters of the Patuxent River (N. America) ranged 
between approximately 1 - 2 IJM during summer months in summer and 1 - 5 iJM in winter. 
The CAA fraction was 5 - 10 times more abundant than that of the FAA (Sigleo et al., 
1983). 
The river data in the SCOPE study also showed seasonal variability and this appeared to 
be linked with fluctuations in river discharge. For instance, TAA in the River Ganges 
(India) were highest in June which equated to the initial stage of the rise in water (lttekkot 
et al., 1985). The highest contribution of amino acids to DOC and particulate OC (POC) 
was from ,{3-alanine (,8-ALA) and GABA, suggesting that the source was of microbial origin 
since these are microbially mediated decarboxylation products of ASP and GLU. Other 
studies by the same author showed that DTAA concentrations in a Himalayan river were 
greater during autumn compared with spring months and were probably related to rates of 
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discharge (lttekkot and Arain, 1986). Elevated concentrations of DTAA were also 
observed in the Parana River (S. America) during periods of increased discharge in 
August and September and, perhaps unsurprisingly, when the banks were breached 
(Depetris and Lenardon, 1982). The major amino acids were GLU, SEA, GL Y, ASP and 
ORN. In contrast, other studies found no correlation between dissolved amino acids and 
fluctuating discharge rates (lttekkot et al., 1982). 
Except for a few studies (Peake et al., 1972; Telang et al., 1982; Lara et al., 1998), very 
little is known about the spatial and temporal variations in river DFAA concentration and 
distribution. Although, DFAA represent <1 %of DOM, they can provide a readily available 
source of nutrition and chemical information for a wide range of aquatic organisms 
(Thomas, 1997). 
lt has been suggested that DFAA can be a significant source for NH/ regeneration by 
heterotrophic bacteria in rivers, especially during summer months (Cotner and Gardner, 
1993). Also, in a laboratory study using isotopic tracing, Tranvik and Jorgensen (1995) 
found that DFAA were able to supply between 17- 58 % and 29- 100 % of the bacterial 
C and N requirements in lake waters. 
Fiebig (1992) investigated the movement of DFAA from groundwater discharging through 
stream-bed sediments in laboratory simulations. lt was found that sediments immobilised 
99 % of the groundwater DFAA, of which 14 - 25 % was subsequently respired by 
microorganisms. The degree to which DFAA were either immobilised by microorganisms 
or sediment adsorption, or respired, was dependent on DFAA concentration and rate of 
discharge of groundwater. lt is suggested that DFAA could be a greater contributor to the 
trophic status of the benthic layer than previously thought. 
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From a study of 400 samples from the Mackenzie River (Canada), Peake et al., (1972) 
reports T AA concentrations of between 100 - 660 nM with a mean of 420 nM and 
suggests that FAA represented about 4% of the TAA pool. In a study on a Siberian Arctic 
river, DTAA concentrations of between 1.6- 5.44 1-1M (mean= 3.5 1-1M) were reported with 
DFAA accounting for approximately 2 %of the total (Lara et al., 1998). Elsewhere, Telang 
et al. (1982) reports DFAA of 0.4 - 20 nM in a creek. Concentrations in the creek were 
reasonably constant during winter and spring, but levels dropped during autumn, quite 
possibly due to reduced inputs or increased microbiological activity. 
This aim of the present study was to examine both the hourly changes in DFAA 
concentration and patterns of distribution for a river that receives winter inputs from the 
Rowden Drainage Experiment (Chapter 3). Also, to observe how the patterns of 
distribution compare with those found in the surface runoff and drainage waters from the 
Rowden Drainage Experiment (Chapter 4). 
6.3 Sample collection 
Water samples were collected manually from a weir on the River Taw, which receives 
surface runoff and drainage waters from the Rowden Moor drainage lysimeters (Plate 
6.1 ). Water samples (1 00 ml) were collected hourly over a 24 h period from 12 pm on 2ih 
June to 12 pm on 281h June 2001 as part of a collaborative exercise between IGER and 
The University of Plymouth, to investigate the efficacy of a newly developed in situ N03-
electrode. Water temperature and pH were also monitored using sensors which, together 
with the N03. electrode, were fitted to a floating pontoon on the river surface. Data from 
the electrodes were collected and stored at 15 minute intervals by a data logger (Plate 
6.1 ). 
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Plate 6.1 Section of an Ordinance Survey map showing the location and proximity to the 
Rowden Moor Drainage Experiment of the sampling point (Weir) on the River Taw. 
Plate 6.2 Photograph showing the site of sample collection at the River Taw and the 
floating pontoon containing the N03- electrode, and temperature and pH sensors. 
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Flow rate data for the river were obtained from the South West Water gauging station 
situated at Taw Bridge (SS 656 016), and approximately 1 mile from the sample collection 
point. Solar energy data were obtained from an automated meteorological recording 
station at North Wyke. 
The water samples were filtered immediately after collection (0.45 IJm) into pre-cleaned 
Nalgene bottles and were kept in a cool box at 4° C until they could be transferred to a 
freezer (-20° C). The samples were freeze-dried, rehydrated and analysed for DFAA as 
described in Chapter 2. 
it was necessary to repeat the analysis of samples for DFAA with a replacement HPLC 
column because of poor chromatographic results. This was due to the rapid deterioration 
of the previous column, the cause of which was unknown. Unfortunately, this resulted in 
an insufficient quantity of sample left available for hydrolysis and subsequent DTAA 
analysis. A second set of samples was also obtained for analysis of TC, IC, TN, N03·-N, 
NH/-N, DOC and DON. 
6.4 Results 
The raw data for the physical parameters and N and C species that were measured are 
given in full in Appendix C: Tables C.1 and C.2 respectively. 
The river flow rate varied little over the 24 h period, ranging only between 0.26 and 0.27 m 
s·1• Day-time and night-time water temperatures differed by -2 °C and there was 
negligible change in pH. 
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6.4.1 Dissolved nitrogen and carbon 
The mean dissolved TC and TN concentrations were 5.06 and 1.2 mg r1 respectively, with 
a mean TC to TN ratio of 4 . 3 : 1. The DOC and DON concentration profiles over the 
collection period are shown in Figure 6 .1. Mean DOC and DON concentrations were 2.29 
mg C r1 and 0.23 mg N r1 respectively and the mean DOC : DON ratio was 11.5 : 1. Over 
the sampling period, DON represented approximately 19 % (± 6 %) of TN, whilst DOC 
was approximately 50 % (± 5 %) of TC. 
There were no correlations between TC, IC and DOC concentrations with flow rate. In 
contrast, there were positive relationships between TN (r = 0.6909), N03- (r = 0.6317) and 
DON (r= 0.5544) with flow rate. 
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Figure 6.1 DOC (• ) and DON ( •) concentrations for the sampling period. 
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The mean total DFAA concentration for the 24 h period was 0.557 nM with a range of 0.4-
0.9 nM. The mean contribution of total DFAA to DON and DOC was 0.004 % and 0.001 % 
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respectively. The relationship between total DFAA concentration and other chemical and 
physical variables measured i.e. TC, TN, IC, N03·- N, NH/- N, DOC, DON, pH, flow rate, 
solar energy and water temperature was tested for correlation and the resultant 
coefficients are given in Table 6.2. Results of the analysis showed that total DFAA was 
significantly correlated with water temperature (r = 0.8897), the relationship of which is 
shown in Figure 6.2. 
Parameter r 
Total C -0.0655 
Total N -0.2239 
Inorganic C 0.1416 
N03. -N -0.5275 
NH/- N -0.7053 
DOG -0.0997 
DON 0.2159 
Flow rate -0.0981 
pH 0.5860 
Solar energy -0.2065 
Water temp 0.8897 
Table 6.2 Correlation coefficients (r) of total DFAA concentration with other physical and 
chemical parameters. 
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Figure 6.2 Total DFAA concentration (broken line) and water temperature (solid line). 
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Regression analysis showed that the relationship was linear and was described by the 
following equation, y = 0.2062x - 2.6808, with an I value of 0.6063 (Figure 6.3). When 
this relationship was projected over a temperature range of 15 - 25°C, then 010 = 2, 
which suggests that the change in total DFAA concentration was probably due to 
biological activity. 
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Figure 6.3 Regression of total DFAA concentration with water temperature. 
Total DFAA was negatively correlated with NH/ -N (r = -0.7053; Figure 6.4). Regression 
analysis of the relationship was best described by a polynomial curve fit with the following 
equation, y = BE-05>1 - 0.011Bx + 0.833 with an I value of 0.6299 (Figure 6.5). 
J. M. B. Hawkins 2004 226 Chapter6 
University of Plymouth 
IGER North Wyke 
1.0 
0.9 
~ 
.s 0.8 
c J\ 0 0.7 ~ .... 0.6 c Q) (.) 0.5 c 
0 
(.) 0.4 <{ 
<{ 
lL 0.3 
0 
ai 0.2 
-
.8 0.1 
0.0 
0 0 0 0 
0 0 0 0 
N M -.<t Ui 
0 0 0 0 
0 0 0 0 
eO r'-: !X) Cri 
27-Jun 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 ...... N M 0 
N N N N 
N C') ~ Ui eO r'-: 
28-Jun 
date and time (h) 
Figure 6.4 Total DFAA (.A ) and NH/ -N (• ). 
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At times there appeared to be a negative relationship with flow rate (Figure 6.6) but 
statistical analysis revealed that the two were not well correlated (r= -0.0981 ). 
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Figure 6.6 Total DFAA concentration (broken line) against flow rate (solid line). 
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The overall mean DFAA concentration was 92 pM with a range of 9.0 - 292.4 pM. GL Y 
was the most predominant DFAA, followed by L YS, SER and MET. A few of the DFAA 
(THR, TYR, VAL and PHE) were either not present or were below the limit of detection 
(Figure 6.7). 
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Figure 6.7 Mean DFAA concentrations in River Taw samples. 
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The concentration profiles for the individual DFAA species over the sampling period, 
together with flow rate, are illustrated in Figure 6.8. The sample for 16:00 h on 27tn June 
was lost. 
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Figure 6.8 Individual DFAA concentration profiles over the sampling period with flow rate. 
The figure shows that GL Y, SER, ALA, MET and ILE were consistently detected in the 
samples whilst others such as the acidic (ASP and GLU) and the basic (HIS, ARG and 
L YS) amino acids were infrequently found. Figure 6.8 also illustrates that some amino 
acids showed more variation in concentration throughout the sampling period than others. 
MET was by far the most variable with a coefficient of variation of 61.2 %, followed by 
ASP, ILE, and SER with coefficients of 38.1, 37.1 and 32.6 %, respectively. In contrast, 
concentrations of GL Y, ALA, LEU and ARG were stable with coefficients of variation of 
25.7, 25.2, 21.2 and 19 % respectively. L YS was only present in the first 6 hours of 
sampling and was undetectable in the remaining samples. The largest concentrations 
were generally in the samples taken during the early evening and appeared to coincide 
with a slight decrease in flow rate. However, this was not the case with a similar reduction 
in flow rate the following morning. 
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The most consistently present individual DFAA were correlated against the other 
measured physical and chemical variables and the results are given in Table 6.3. The 
most notable results are that GL Y was negatively correlated with TN (r = -0.6765) and 
MET was positively correlated with water temperature (r = 0.6151) and negatively with 
NH/-N (r= -0.6403). None of the amino acids showed a correlation with flow rate. 
Amino Flow Water Solar Water 
TC TN DOG DON NH4+-N 
acid rate pH energy temp 
SEA 0.2040 -0.4811 0.1289 -0.0974 -0.4744 -0.4609 0.5726 -0.3105 0.5241 
GLY 0.1537 -0.6765 0.0721 -0.3027 -0.4625 -0.4808 0.5389 -0.5385 0.5113 
ALA 0.1642 -0.5759 0.1450 -0.2823 -0.5059 -0.4020 0.5414 -0.2874 0.4684 
MET -0.0209 -0.5509 0.0293 -0.3193 -0.6403 -0.4732 0.4445 0.1593 0.6151 
ILE -0.0413 0.1003 -0.0417 0.3839 -0.5030 -0.0716 0.4969 0.3574 0.4866 
Table 6.3 Correlation coefficients (r) for selected individual DFAA with chemical and 
physical variables (n = 144). 
6.4.4 Comparison of river dissolved free amino acids with dissolved free amino 
acids from agricultural waters. 
The overall mean total DFAA concentration for the river was 0.557 nM, and was nearly 
450 times less than that of the waters (250 nM) collected from the Aowden Drainage 
Experiment discussed in Chapter 4. 
A comparison of the mean %AMD DFAA of the river with that of all the overall mean of the 
data for the waters from the Aowden are given in Figure 6.9. Clearly, GL Y was the most 
abundant amino acid in both waters. The second most abundant was SEA in the river and 
ALA /SEA and in the Aowden waters. Generally, SEA, GL Y, AAG, MET and L YS were in 
greater abundance in the river compared with the Aowden waters. 
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Figure 6.9 Percentage RMD of DFAA in the River Taw (clear bars) and waters from the 
Rowden Drainage Experiment (solid bars).Verticallines represent s.e. 
6.5 Discussion 
Total DFAA represented only a very small fraction of DOC (0.001 %) and DON (0.004 %), 
which implies that the majority of the DOC and DON are in other small molecules which 
have undergone little decomposition from the source material. Fiebig et al., (1990) found 
that total DFAA contributed <0.3 % of the DOC and suggested that DFAA are immobilised 
by sediment adsorption. However, the possibility of desorption of DFAA from stream bed 
and river sediments must also be taken into consideration. 
Total DFAA concentration correlated negatively with NH/ which suggests that the amino 
acids may be precursors for NH4 + production (Cotner and Gardner, 1993). 
Why total DFAA concentration should be correlated with water temperature is not 
altogether clear. Although it is well known that biological processes are affected by 
temperature, this is an unlikely explanation since the difference between minimum and 
maximum temperature was only 1.6 °C. 
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The flow rate of the river was stable over the sampling period, showing only a change in 
rate of -0.1 m s· 1 and this almost certainly explains the lack of correlation between DFAA 
and flow. Other river studies report increases in DTAA concentration in conjunction with 
massive increases in flow rate associated with seasonal rainfall events and increased 
inputs of organic matter. lt is not clear as to whether this would be the case for DFAA. 
However the small change in flow is unlikely to have any resulted in any major 
perturbation to the supply of DOM. 
The river DFAA data are not directly comparable to those of the Rowden drainage 
samples due to the timing of collection. Ideally it would have been better to have sampled 
both at the same time but this was not feasible. Nonetheless, comparisons between the 
two have been made. The mean ratio of DOC : DON in the river was 11.5 : 1 which was 
closer to that of the Rowden drainage waters (mean = 10.8 : 1) compared with surface 
runoff (mean = 16.5 : 1 ). 
The total DFAA concentrations in the river water were much smaller than those reported 
for the winter surface runoff and drainage waters from the Rowden soil (range = 1.9 nM-
6.1 1-JM; mean = 280 nM). Though reduced concentrations in stream waters compared 
with soil waters in a riparian zone have been observed before (Fiebig et al., 1990), the 
much smaller concentrations in this study could be because of a massive dilution effect by 
the headwaters. Also the river would have received little, if any, input of water and organic 
material from the agricultural land in the catchment area at this time of the year. Smaller 
concentrations could also be indicative of increased riverine biological activity in summer 
compared with winter. However, the data values are in keeping with those reported for a 
mountain stream in Canada, where DFAA concentrations were in the range of 
approximately 0.4 - 20 nM (Telang et al., 1982). The work also reports that the 
concentration of DFFA was constant during winter and spring but that levels dropped 
during autumn, quite possibly due to reduced inputs or increased microbiological activity. 
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6.6 Conclusions 
1. Total DFAA was positively correlated with water temperature. 
2. Total DFAA was negatively correlated with NH4+ concentration. 
3. The acidic and basic amino acids were found in only some of the samples. 
4. Of the neutral amino acids, TYA, THA VAL and PHE were not detected in any of 
the samples. 
5. MET, ASP, I LE, and SEA concentrations were the most variable. 
6. GL Y, SEA, L YS and MET were in greater relative abundance in river compared 
with soil waters. 
7. GL Y was the most predominant amino acid in both river and grassland soil waters. 
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7.1 Overview 
Chapter 7: Project synthesis 
This chapter gives an overview of the main findings from this study and discusses them in 
the context of the existing knowledge of soil organic matter (SOM) dynamics. Areas that 
are worthy of further investigations are also identified. 
7.2 General discussion and future work 
The significance of the contribution of dissolved organic nitrogen (DON), and its 
constituents, to the soil nitrogen (N) cycle has only relatively recently started to be 
acknowledged. A review of the literature established that, although the amino acid content 
and distribution in soils under different uses and environmental conditions has been 
reasonably well studied, there is surprisingly little information on the contribution of 
dissolved combined amino acids (DCAA) and, especially, dissolved free amino acids 
(DFAA) to dissolved organic carbon (DOC) and DON in soil water. Even less is known 
about the losses of amino acids from the soil N pool via export waters from agricultural 
soils. This is, particularly the case for grassland systems, which in contrast to arable 
systems, have additional inputs to SOM from the excretal returns of grazing animals. 
The components, pathways of transfer and processes that are likely to contribute to soil 
amino acids in a grazed grassland system were proposed in Chapter 1 (Fig 1.4). Using 
data published in the literature, differences in amino acids profiles between the various 
components of a grassland system were identified. lt was proposed that these differences 
could influence the amino acid profile of the soil , and thus, have the potential to be used 
as diagnostic indicators of source material. 
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Despite the reported similarities in patterns of amino acid distribution between soils under 
widely different climatic and management conditions, examples were found from other 
studies where differences have been observed. Lack of variation in distribution could 
partly be due to inherent inadequacies in the soil extraction and analytical methodologies 
used to obtain the data. Also, lack of sensitive analytical methodologies may explain the 
paucity of both qualitative and quantitative data for DFAA in soil solution. Thus, a sample 
preparation technique and High Performance Liquid Chromatography (HPLC) 
methodology were developed and tested, that permitted the detection of DFAA at 
extremely small native concentrations (Chapter 2; sections 2.3 and 2.4). These were used 
to successfully quantify the extent of the contribution of amino acids to DON and DOC, 
together with their patterns of distribution, in natural waters from 3 different settings. 
Field scale lysimeters on the Rowden Drainage Experiment (Chapter 3) were used to 
determine the extent and the differences in patterns of distribution of amino acids in 
surface runoff and drainage waters exported from a grassland soil under different fertilizer 
and hydrological regimes. The study showed that both total DFAA and DCAA 
concentrations were larger in the waters exported from undrained compared with drained 
soils. A possible explanation for this was that there was a reduced rate of decomposition 
of SOM in the more anaerobic soils, as was reported by Stevenson (1982a) for highly 
organic waterlogged soils. Also, Klein (1977), suggested that the microbial usage of 
proteins decreases with increasing soil water content. Differences in soil hydrology also 
influenced the DCAA and DFAA distribution patterns. Greenwood and Lees (1956) found 
that there were changes in the rate at which individual amino acids were decomposed in 
aerobic compared with anaerobic soils. However, in the samples from Rowden Drainage 
Experiment, there was the likelihood that the variations in amino acid distributions 
between the undrained and drained lysimeters could have been confounded by the 
preferential flow of particular amino acids via cracks and fissures, which are introduced by 
mole draining soil. This is supported by the results from the hourly sampling of a lysimeter 
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throughout the duration of a storm event, which showed that changes in distributions of 
certain individual amino acids are related to movement of water. On the other hand, 
Armstrong and Garwood (1991) showed that the installation of the drainage systems on 
Rowden Moor resulted in a reduction in the level of the winter water table from 0 cm to 50 
cm. The 0 - 50 cm horizon corresponds to the biologically active zone of this soil. 
Therefore, the resultant increase in the oxygen status of the drained soils associated with 
a reduction in water content, undoubtedly would have influenced microbial activity. In 
addition, the contribution of DFAA to total dissolved amino acids (TDAA) was larger in the 
drained soils, which implies an increased rate of SOM turnover. This effect was examined 
further in a study that investigated the DFAA content of waters from monolith lysimeters 
composed of 4 different soil types in their naturally draining state (Chapter 5). The results 
showed that DFAA concentrations were greater in waters from more freely draining 
compared with less well drained soils. There were also pattern differences in DFAA 
between soil type. Interestingly, the soils with the largest clay content did not preferentially 
retain basic amino acids, thereby contradicting Putnam and Schmidt, (1959) and 
Stevenson, (1982b). One possibility for this discrepancy is that the clay exchange sites 
were completely saturated, either by amino acids or other organic compounds, thereby 
allowing basic amino acids to pass unhindered through the soil profile. However, it seems 
more likely that this was due to a combination of factors, including a variation in microbial 
activity due to different soil oxygen status and preferential flow through crack and fissures. 
On the other hand, soils with a chalk profi le did retain the acid amino acid, as was found 
by Whitehead et al. (1975) and Carter and Mitterer (1978). Further work of this nature 
needs to include an investigation of the sorption/desorption of amino acids for a range 
different soil textures, that are subjected to wetting and drying cycles. 
The existing knowledge for the rate/flux of amino acid N (AA-N) from organic matter, 
which has undergone different degrees of degradation, needs expanding to include 
grassland systems. A comparison of the soil amino acids resulting from the input of either 
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fresh or dead plant material would be useful, particularly with respect to the half-life of 
DCAA. This could result in the construction of a simple two component model of amino 
acid-N turnover. Subsequent studies could characterise distributions from varying 
proportions of the two organic matter types in combination. Further refinements to the 
model could be enabled by data from additional studies, for example by investigating the 
interaction of amino acid distributions with soil, plants and micro-organisms under various 
different environmental conditions. The model could be a useful addition or sub-model to 
existing soil nutrient turnover models such as N-GAUGE (Brown et al., 2004a) and UK-
DNDC (Brown et al., 2004b). 
In contrast to the findings of Decau (1969), inputs of mineral fertilizer N increased the loss 
of both total DFAA and DCAA in runoff and drainage waters, which suggests that there 
was a greater turnover of SOM with fertilizer addition. Although studies using 15N tagged 
fertilizer have concluded that mineralization of SOM is enhanced by fertilizer application, 
this 'priming' effect has been disputed (Kuzyakov et al. , 2000). Also, Jones and Shannon 
(1999) found that the addition of up to the equivalent of 120 kg N ha ., to soil had no 
detectable effect on amino acid mineralization. However, their fertilizer rate was nearly 60 
% less than that applied to the lysimeters on the Rowden Drainage Experiment. Another 
possibility is that there was a preferential uptake of mineral over organic forms of N by 
plants and microbes in the soils that received fertilizer, which led to a greater 
concentration of amino acids available for export from the soil during the winter drainage 
period. 
The erratic nature of some of the field lysimeter data showed that there is a need to gain a 
better understanding of the changes in amino acid distribution at a finer temporal scale 
than was carried out in this study. This would help to establish if the observed variation in 
patterns were in fact random, or whether they represented snapshots of ongoing 
processes. So far, little work has been done to identify short term changes in amino acid 
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throughout the duration of a storm event, which showed that changes in distributions of 
certain individual amino acids are related to movement of water. On the other hand, 
Armstrong and Garwood (1991) showed that the installation of the drainage systems on 
Rowden Moor resulted in a reduction in the level of the winter water table from 0 cm to 50 
cm. The 0 - 50 cm horizon corresponds to the biologically active zone of this soil. 
Therefore, the resultant increase in the oxygen status of the drained soils associated with 
a reduction in water content, undoubtedly would have influenced microbial activity. In 
addition, the contribution of DFAA to total dissolved amino acids (TDAA) was larger in the 
drained soils, which implies an increased rate of SOM turnover. This effect was examined 
further in a study that investigated the DFAA content of waters from monolith lysimeters 
composed of 4 different soil types in their naturally draining state (Chapter 5). The results 
showed that DFAA concentrations were greater in waters from more freely draining 
compared with less well drained soils. There were also pattern differences in DFAA 
between soil type. Interestingly, the soils with the largest clay content did not preferentially 
retain basic amino acids, thereby contradicting Putnam and Schmidt, (1959) and 
Stevenson, (1982b). One possibility for this discrepancy is that the clay exchange sites 
were completely saturated, either by amino acids or other organic compounds, thereby 
allowing basic amino acids to pass unhindered through the soil profile. However, it seems 
more likely that this was due to a combination of factors, including a variation in microbial 
activity due to different soil oxygen status and preferential flow through crack and fissures. 
On the other hand, soils with a chalk profile did retain the acid amino acid, as was found 
by Whitehead et al. (1975) and Carter and Mitterer (1978). Further work of this nature 
needs to include an investigation of the sorption/desorption of amino acids for a range 
different soil textures, that are subjected to wetting and drying cycles. 
The existing knowledge for the rate/flux of amino acid N (AA-N) from organic matter, 
which has undergone different degrees of degradation, needs expanding to include 
grassland systems. A comparison of the soil amino acids resulting from the input of either 
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fluxes in soil solutions. Mopper and Lindroth (1982) found that concentrations of both 
individual and total amino acids in marine waters varied with day, season, depth and 
location. Additionally, they found that concentrations of DFAA decreased during the night 
and increased during the day, presumably as a result of primary production. There 
appeared to be a relationship between total DFM distributions in the Taw River water 
samples and water temperature (Chapter 6, section 6.4.2), suggesting that there may be a 
diurnal amino acid pattern in fresh water systems. A diurnal cycling of other analytes (N03-
-N, NH/ -N, P) has been observed before in the Taw River (Scholefield et al. , 2005). As 
yet, it is unknown whether a similar cycle exists for soil amino acids. Unfortunately, an 
investigation of this was beyond the scope of this project, but should certainly be included 
in further studies. Furthermore, patterns of DFAA and DCAA varied between soils under 
the same fertilizer management and hydrology treatment This suggests that there may be 
other mechanisms influencing distributions that were not accounted for in this study. One 
possibility may be the slope of the ground, which had not taken into account as a possible 
cause of variation. In the case of drained soils, there may have been subtle differences in 
water movement due to differences between paired treatments, in the gradient of the land. 
This could have either effected the aerobic status of the soil and/or the preferential flow of 
some of the compounds, as discussed previously. The most stable DFAA and DCAA 
patterns were from undrained soils receiving applications of mineral N fertilizer. 
The amino acid patterns in the exported soil waters were considered to represent the net 
result of soil, plant and microbial interaction. However, how these patterns compared with 
those in rhizosphere and bulk soil solution was not established. This could be achieved by 
the simultaneous sampling of soil solution either by suction cup type samplers or 
centrifugation of soil samples, and the collection of surface runoff and drainage samples. 
Further studies should also aim to clarify whether the amino acids were freshly produced 
from SOM degradation or exudation, or had been desorbed into solution from exchange 
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sites. This would help to determine amino acid residence times in soil a.nd hence give an 
indication of their bio-availability. 
Some attempt was made to determine the original source material of the soil amino acids 
by the comparison of soil DFAA and DCAA patterns with published data (Appendix B: 
Table 8 .29) for the proteinaceous composition of the main contributors to SOM in a 
grassland system (Figure 1.4). Pattern analysis techniques showed that although the 
general signature of both DFAA and DCAA formed a distinct group from the literature 
data, the patterns most closely resembled that of biomass or SOM. However, it is 
acknowledged that the pattern analyses were based on a limited data base of published 
values. Differences in the methodologies and analytical techniques that were used to 
obtain these values place a constraint on direct comparison. Furthermore, variations in the 
environment and the conditions to which components were exposed may have influenced 
their amino acid distribution. lt is suggested that further work on the use of soil amino acid 
patterns as diagnostics, should include the actual amino acid signatures of the major AA-
N contributors and consumers within the system that is being studied. 
The export of N from soil in the form of amino acids and DON represents a minimal 
proportion of N that may be lost from soil, compared with leaching of inorganic N (after 
fertilizer N addition) and losses via other N cycle pathways, such as gaseous emissions to 
the atmosphere. To illustrate this, Table 7.1 gives the N input and potential N output 
budget for each of the treatments on the Rowden Drainage Experiment. Estimated input 
values for biological N fixation and losses through denitrification and ammonia 
volatilization are included where available, and are obtained from other published data 
from this site (Tyson et al. , 1993; Laws et al., 2000) . The leaching/runoff data are taken 
from the 1998 - 99 winter drainage period and the loadings are calculated from the mean 
concentration (mg r1) of each of the inorganic N species, DFAA, DCAA, and DTM 
multiplied by the total volume of drainage (7202600 I ha-1) for that year (Chapter 3; Table 
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3.3.). The table shows that losses of total N (TN) increase with fertilizer addition and soil 
drainage, with the potential for a loss of nearly 40 % of the N input. In comparison, the 
potential amount of N lost in the form of amino acids was 3 kg ha·1 yr"1 from undrained soil 
receiving N fertilizer, and representing only 1 % of applied N. 
Inputs 
Outputs 
Leaching/runoff 
Denitrification 
Ammonia volatilization 
N fixation 
Mineral fertilizer 
DON 
DFAA 
DCAA 
DTAA 
TN 
% DTAA of DON 
zu 
0 
0.9 
(0.2) 
2.1 
(0.9) 
4.6 
(0.9) 
0.04 
(0.01) 
2.0 
(0.3) 
2.1 
(0.3) 
6.9 
(1.4) 
45 
n/a 
n/a 
Treatment 
ZD GCD CU 
50 
0 0 280 
0.7 
(0.2) 
1.8 
(0.4) 
2.4 
(0.5) 
0.05 
(0.02) 
1.0 
(0.2) 
1.1 
(0.2) 
4.3 
(0.8) 
44 
n/a 
n/a 
1.1 
(0.2) 
8.5 
(1.1) 
4.7 
(0.5) 
0.07 
(0.02) 
1 .4 
(0.3) 
1.5 
(0.3) 
13.4 
(1.4) 
31 
s.ot 
n/a 
2.8 
(0.8) 
8.5 
(2.5) 
10.1 
{1.0) 
0.10 
(0.05) 
2.9 
(0.8) 
3.0 
(0.9) 
19.9 
(3.4) 
30 
70.0 
40t 
CD 
280 
2.6 
(0.8) 
106.7 
(31.1) 
7.7 
(1.4) 
0.06 
(0.02) 
0 .2 
(0.1) 
0.3 
{0.1) 
109.3 
(30.6) 
4 
40.0 
40t 
Table 7.1 Inputs and potential outputs of N (kg N ha·1 yr"1) for treatments on the Rowden 
Drainage Experiment (ZU == zero N undrained, ZD = zero N drained, GCD = grass/clover 
drained, CU = conventional N undrained; CD == conventional N drained; s.e in 
parentheses; n = 14; n/a = not available; t = estimated). 
There was no significant difference on the impact of fertilizer addition on the export of 
DON from soil, but the % DTAA contribution to DON decreased in the presence of mineral 
N fertilizer. The implication of this is that the decomposition rate of SOM was increased by 
the 'priming' effect of fertilizer addition, with increased microbial mineralization of AA-N to 
NH/ -N. This is supported by the enhanced losses of NH/ -N that were observed in the 
runoff and drainage waters from the fertilized soils. Another possibility is that mineral N 
fertilizer addition has affected the composition of the soil microbial community, leading to 
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variations in the production and utilisation of AA-N. A recent study, using phospholipid 
fatty acid (PLFA) profiling, examined the influence of grassland management regime on 
the structure of the microbial community of the Rowden Drainage Experiment (Ciegg et 
al., 2003). Results showed that the application of N fertilizer was more influential on 
specific bacterial groups than soil drainage alone, although there was evidence of 
interaction between both. Interestingly, these same influences were also shown to have 
affected the distribution patterns of DCAA, as was discussed previously. 
Up to 45 % of the DON was in amino acid form, however this study made no attempt to 
characterise the remainder of the fraction . In the future, HPLC analysis of soil waters 
should be expanded to determine the contribution of other amino acid compounds that 
were not included in this study, including, cysteine, tryptophan, proline, ornithine, GABA, 
DAPA and the amides, asparagine and glutamine. Also, HPLC analysis for other known 
N-containing compounds, such as amino sugars and nucleic acids. Nuclear magnetic 
resonance (NMR), could be used to ascertain the component composition and possible 
structure of other unknown N-containing compounds. 
From an economic viewpoint it is evident that, compared with the depletion of soil 
inorganic N via aqueous and atmospheric pathways, the loss of soil organic N does not 
represent a significant loss from agricultural systems. However, in semi-natural and 
natural landscapes, organic N losses from leaching and runoff could represent a 
significant depletion of an already limited supply of N. Removal of soil organic N also has 
implications for organic farming enterprises that are reliant on a close control of soil N 
budgets. Moreover, amino acid losses from soil are important since they are a readily 
available carbon (C) and N substrate that contribute to the eutrophication of downstream 
ecosystems (Seitzinger et al., 2002). An attempt was made to assess the influence of a 
grassland soil on the organic N and C input to an aquatic environment. Measurements of 
DON, DOC, and DFAA were made in a river that was in close proximity to the Rowden 
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Drainage Experiment (Chapter 6). Concentrations of DON, DOG, and DFAA in the Taw 
River samples were much smaller than were found in soil waters. Specifically, the total 
DFAA concentration was up to 450 times less than that of the soil, though with a few 
exceptions, the pattern of distribution was similar to the general pattern found in the runoff 
and drainage waters (section 6.4.4). Possible explanations for the reduction in 
concentration between the soil and river water are, that there may have been a massive 
dilution effect from headwaters, the DFAA were utilized by aquatic organisms, or they may 
have become sediment attached. The similarity in patterns suggests that the river DFAA 
may have originated from a terrestrial source, or that organic matter (OM) in river and soil 
waters is involved in similar processes and pathways of transfer. 
The inorganic N concentration for the Taw River was generally about 1 mg r1 (Appendix 
C: Table C2), whereas the mean total DFAA equated to approximately 60 pg AA-N r1. 
This study did not take account of DTAA, but other studies have suggested that DFAA 
represent between 2- 4 % of total dissolved AA-N in river waters (Peake et al., 1972; Lara 
et al., 1998). In which case, concentrations of total dissolved AA-N in the Taw River could 
reach 3 ng N r1• Although levels of up to 1 mg r1 DTAA have been reported for other rivers 
(Thurman, 1985), compared with inorganic N losses or other anthropogenic pollutants 
such as P or pesticides, dissolved AA-N represents a minimal threat to water quality. 
Despite this, future work should focus on how patterns of both DCAA and DFAA 
distribution alter from a start point such as plant/microbial exudation, or residue in the soil 
rhizosphere, to an end point such as a river or the sea. The analysis of natural abundance 
13C and 15N isotopic signatures of amino acids, using mass spectrometry, may help to 
determine residence times and connectivity throughout their transportation. 
The formulation of a C budget for the Rowden Drainage Experiment was not possible, as 
for N, but Table 7.2 gives the potential total DOG export for the 1998- 99 winter drainage 
period. The loadings were calculated as previously described for Table 7.1. The data 
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show that DOC export increases with fertilizer input (p <0.001) and that losses are greater 
(p <0.001) from undrained soil. These observations were reported previously in a similar 
study at this site (McTiernan et al., 2001 ). Possible explanations are that there was an 
increase in dry matter production of herbage resulting from fertilizer addition, and thus an 
increased input to SOM. In the drained soils, DOC may have been adsorbed to soil 
surfaces, and in the undrained soils, the rate of SOM decomposition was limited due to 
increased soil water content. The contribution of DTAA to DOC was much less (-2 %) 
than was seen for DON, and was also reduced with fertilizer addition. 
DOC 
zu 
35 
(12) 
ZD 
15 
(5) 
Treatment 
GCD 
25 
(6) 
cu 
86 
(20) 
CD 
69 
(17) 
Table 7.2 Potential output of DOC (kg C ha·1 yr"1) from treatments on the Rowden 
Drainage Experiment (ZU = zero N undrained, ZD = zero N drained, GCD = grass/clover 
drained, CU = conventional N undrained; CD = conventional N drained; s.e. in 
parentheses; n = 14) 
The soil amino acid data present in this study were either collected from a soil under 
contrasting management or from different soil types under the same management. 
Nevertheless, it could be argued that conditions (with the exception of artificial drainage), 
which might affect microbial and plant activity, and could thus potentially produce 
differences in patterns, were in fact not that strongly contrasted. All of the soils contained 
a rich supply of C and N relative to systems such as those reported by Kielland (1994) 
and Raab et al., (1996). Furthermore, the environmental conditions for plant and microbial 
growth, and activity, were not widely different. Despite this, differences in patterns were 
observed. This implies that different amino acid distributions may result from more 
extreme situations where soil, plants and microorganisms have been subjected to various 
stress conditions, and requires further investigation. Stressors might include: absence of 
organic matter, excess inorganic and organic fertilizer, drought, prolonged flooding or high 
salinity. Furthermore, the analysis of samples should be expanded to include amino 
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sugars in conjunction with amino acids, PLFA and specific bacterial amino acid markers 
such as L-DAPA or chiral forms, to act as diagnostics of microbial community and activity. 
lt was intended to perform some of these further investigations had sufficient time been 
available. One of the main constraints on time was the Foot and Mouth outbreak of 2001 , 
which resulted in a 9 month period of disruption of activities at North Wyke. During this 
time, the site was under constant threat of infection of its own livestock, the result of which 
would have been catastrophic for the future of research at North Wyke. The outbreak of 
cases in the surrounding area was monitored very closely and strict biosecurity measures 
were enforced to minimise the risk of transfer of the infection onto the site. 
The measures taken, as a result of the Foot and Mouth outbreak, meant that access to 
field experiments and the bringing in of soil and herbage samples to the site was 
prohibited. A decision was made by the site managers that, should an outbreak occur 
within a 2 mile radius of the site, then the site would be immediately closed to all except 
essential maintenance staff. Indeed, at the height of the crisis, the site was closed for one 
week when a neighbouring farm had a suspected outbreak. Luckily this proved to be 
negative since, by this time, a MAFF (now DEFRA) policy ruled that livestock on 
contiguous farms should also be slaughtered as a precautionary measure. The constant 
state of alert throughout the entirety of the crisis made planning and implementation of 
any experimental work impossible, both in terms of acquiring the necessary material, and 
because of possible closure of the site at very short notice. 
The overall aim of this thesis was to determine if patterns of both free and combined 
amino acids varied in soil waters from different settings and, if so, whether the cause of 
the pattern differences could be identified. The specific hypotheses tested were that: 
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1. There are differences in quantities and distribution patterns of amino acids 
exported in waters from a soil under different agronomy, fertilizer regime and 
hydrological condition. 
2. There are differences in quantity and distribution patterns of amino acids in 
drainage waters from soils with different textural properties. 
As a result of the studies carried on the field and monolith lysimeters, hypotheses 1 and 2 
were accepted. 
Organic matter is a valuable resource on which the sustainability and productivity of soils 
heavily relies. Thus, it is important to understand the mechanisms for the loss of organic 
compounds from soil in order to understand the mechanisms for their loss. lt is also 
essential to determine how these losses can be minimised, especially those resulting from 
anthropogenic activity. The studies described in this thesis have resulted in the most 
extensive libraries of long-term DFAA and DCAA export and distribution profiles for 
grassland soil waters so far produced in the published literature. These libraries provide 
an invaluable means with which to compare data from further field and laboratory based 
investigations. In addition, the studies have made a major contribution to the current 
knowledge of DON and DOC characterisation and their export from agricultural soils. The 
studies also provide evidence that both the concentration and pattern of amino acid 
distribution have the potential to be used as diagnostics of source materials, soil 
management and conditions. 
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Amino acid Formula weight C : N ratio Solubility at 20 °C Hydrophobicity pK, pK2 lsoelectric point (-COOH) t (-NH/) t (pi) t 
ASP 133.10 4.0 4.2 0.028 1.89 9.60 5.75 
GLU 147.13 5.0 7.2 0.043 2.19 9.67 5.93 
SER 105.09 3.0 43.0 0.359 2.21 9.15 5.68 
HIS 155.16 2.0 41 .9 0.165 1.80 9.17 5.49 
GLY 75.07 2.0 225.2 0.501 2.34 9.60 5.97 
THR 119.12 4.0 90.0 0.450 2.11 9.62 5.87 
ARG 174.20 1.5 718.0 0.000 2.17 9.04 5.61 
ALA 89.09 3.0 157.8 0.616 2.34 9.69 6.02 
TYR 181 .19 9.0 0.4 0.880 2.20 9.11 5.66 
MET 149.21 5.0 51.4 0.738 2.28 9.20 5.74 
VAL 117.15 5.0 59.7 0.825 2.32 9.61 5.97 
PHE 165.19 9.0 27.4 1.000 1.83 9.12 5.48 
ILE 131 .17 6.0 33.6 0.943 2.35 9.68 6.02 
LEU 131 .17 6.0 23.7 0.943 2.36 9.60 5.98 
LYS 146.19 3.0 666.0 0.283 2.18 8.95 5.57 
Table A.1 Some physical and chemical properties of 15 commonly occurring amino acids. t taken from (Lehninger, 1975) 
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Amino acid minimum 
ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
mean 
0.11 
0.16 
0.13 
0.05 
0.28 
0.05 
0.04 
0.26 
0.05 
0.09 
0.13 
0.01 
0.03 
0.05 
0.06 
0.10 
Appendix B 
maximum 
55.96 
119.76 
89.09 
38.32 
61.25 
101 .20 
139.14 
176.83 
98.46 
30.19 
338.68 
101.44 
44.18 
202.00 
153.08 
116.64 
mean 
4.49 
5.81 
5.60 
3.21 
7.87 
3.99 
4.82 
7.11 
3.45 
2.96 
17.53 
4.85 
2.30 
5.82 
9.55 
5.96 
s.d. (±) 
6.89 
13.44 
9.59 
5.38 
9.15 
11.46 
17.14 
19.16 
11.48 
5.21 
53.05 
12.58 
5.17 
23.45 
21 .04 
14.95 
%cv 
154 
231 
171 
168 
116 
287 
355 
270 
333 
176 
303 
259 
225 
403 
220 
245 
Table 8 .1 Summary of 1998-99 DFAA concentrations (nM), (s.d.= standard deviation, %cv 
= coefficient of variation; n = 112). 
Amino acid minimum maximum mean s.d. {±} %cv 
ASP 0.20 171.22 15.23 29.81 196 
GLU 0.06 26.90 3.46 4.31 125 
SER 0.05 70.48 6.97 10.74 154 
HIS 0.01 67.68 4.01 10.03 250 
GLY 0.54 769.89 19.95 89.46 449 
THR 0.03 12.00 2.79 2.89 104 
ARG 0.14 22.47 2.30 3.42 148 
ALA 0.28 37.02 6.52 7.14 110 
TYR 0.08 40.71 2.21 5.13 232 
MET 1.19 17.31 6.59 5.13 78 
VAL 0.22 104.54 4.53 12.82 283 
PHE 0.13 21.50 2.98 4.37 147 
ILE 0.07 9.40 1.88 1.77 94 
LEU 0.02 10.23 2.31 2.31 100 
LYS 0.60 172.15 9.30 25.21 271 
mean 0.24 103.57 6.07 14.30 183 
Table 8.2 Summary of 1999-00 DFAA concentrations (nM), (s.d.= standard deviation, %cv 
= coefficient of variation; n = 88). 
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Amino acid minimum 
ASP 0.02 
GLU 0.02 
SEA 0.09 
HIS 0.04 
GLY 0.11 
THR 0.01 
ARG 0.03 
ALA 0.37 
TYR 0.06 
MET 0.01 
VAL 0.06 
PHE 0.04 
ILE 0.09 
LEU 0.01 
LYS 0.42 
mean 0.09 
maximum 
247.43 
1000.00 
1478.37 
543.74 
1157.09 
236.39 
460.68 
1055.27 
300.12 
2136.73 
210.14 
53.91 
169.91 
197.27 
2538.05 
785.67 
mean s.d. (±} %cv 
21 .58 45.86 213 
30.97 107.45 347 
70.90 163.74 231 
13.90 49.18 354 
89.38 191.85 215 
17.64 39.56 224 
13.67 48.05 352 
58.67 148.06 252 
14.67 44.07 300 
55.15 200.32 363 
18.01 33.36 185 
4.89 9.45 193 
16.24 31 .03 191 
14.46 30.34 210 
207.15 492.97 238 
43.15 109.02 258 
Table 8.3 Summary of 2000-01 DFAA concentrations (nM), (s.d.= standard deviation, %cv 
=coefficient of variation ; n = 232). 
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Treatment 
DFAA CD cu 
ASP 0.34 0.65 
GLU 0.36 0.75 
SEA 0.51 0.65 
HIS 0.13 0.43 
GLY 0.65 0.88 
THA 0.08 0.44 
AAG -0.12 0.36 
ALA 0.44 0.77 
TYA -0.12 0.21 
MET 0.11 0.29 
VAL 0.52 0.57 
PHE 0.19 0.22 
ILE -0.04 0.21 
LEU 0.10 0.49 
LYS 0.55 0.46 
GCD 
0.32 
0.31 
0.49 
0.14 
0.63 
0.08 
-0.22 
0.45 
0.02 
-0.02 
0.52 
0.19 
-0. 10 
0.17 
0.56 
ZD zu lsd %cv level of 
significance 
0.19 0.32 0.3 114 * 
0.23 0.45 0.3 101 *** 
0.42 0.42 0.3 86 ns 
-0.15 0.07 0.4 300 ns 
0.54 0.63 0.3 64 ns 
-0.06 0.17 0.4 319 ns 
-0.28 0.00 0.5 3567 * 
0.41 0.52 0.3 80 * 
-0.39 -0.03 0.5 -7446 ns 
-0.02 -0.12 0.8 636 ns 
0.44 0.45 0.5 146 ns 
-0.08 -0.07 0.5 566 ns 
-0.10 -0.04 0.4 28976 ns 
-0.10 0.03 0.4 288 
0.62 0.38 0.6 139 ns 
Table 8.4 Results of ANOVA of 1998-99 mean log DFAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant 
difference, %cv = coefficient of variation, ns = not significant, * = p <0.05, ** = p <0.01 , *** 
= p <0.001). 
Treatment 
DFAA CD cu GCD ZD zu lsd %cv level of 
significance 
ASP 0.88 0.78 0.47 0.76 0.63 0.5 92 ns 
GLU 0.45 0.13 0.19 0.47 0.35 0.4 166 ns 
SEA 0.63 0.47 0.55 0.47 0.42 0.4 110 ns 
HIS 0.14 0.21 -0.05 0.09 0.41 0.6 486 ns 
GLY 0.99 0.80 0.62 0.77 0.68 0.4 62 ns 
THA 0.31 0.27 0.04 0.33 0.07 0.4 272 ns 
AAG 0.18 0.18 -0.13 0.55 -0.06 0.4 341 
ALA 0.77 0.71 0.49 0.50 0.44 0.3 70 ns 
TYA 0.01 0.13 -0.16 0.06 -0.15 0.4 -3885 ns 
MET 0.81 0.50 0.71 1.05 0.54 0.7 52 ns 
VAL 0.38 0.22 0.06 0.49 -0.05 0.4 238 ns 
PHE 0.24 0.23 -0.08 0.75 -0.33 0.4 254 *** 
ILE 0.17 0.01 0.07 0.12 -0.14 0.4 794 ns 
LEU 0.21 0.24 -0.14 0.22 0.07 0.5 393 ns 
LYS 0.63 0.36 0.42 1.08 0.14 0.5 92 * 
Table 8 .5 Results of ANOVA of 1999-00 mean log DFAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant 
difference, %cv = coefficient of variation , ns = not significant, * = p <0.05, ** = p <0.01 , *** 
= p <0.001). 
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Treatment 
DFAA CD cu 
ASP 0.57 0.44 
GLU 0.51 0.51 
SER 0.94 0.95 
HIS 0.26 0.23 
GLY 1.10 1.14 
THR 0.47 0.56 
ARG 0.20 0.35 
ALA 0.94 0.96 
TYR 0.15 0.18 
MET 0.69 0.55 
VAL 0.53 0.57 
PHE 0.03 0.21 
ILE 0.33 0.44 
LEU 0.48 0.53 
LYS 1.46 1.78 
GCD 
0.47 
0.52 
1.01 
0.33 
1.07 
0.50 
-0.05 
0.98 
0.27 
0.67 
0.48 
-0.08 
0.42 
0.37 
1.33 
ZD zu lsd %cv level of significance 
0.49 0.63 0.4 183 ns 
0.42 0.54 0.4 173 ns 
1.03 0.92 0.4 94 ns 
0.47 0.31 0.4 254 ns 
1.06 1.01 0.4 82 ns 
0.44 0.38 0.4 167 ns 
0.08 -0.09 0.4 610 ns 
0.83 0.87 0.4 89 ns 
0.23 0.07 0.4 467 ns 
0.57 0.43 0.6 180 ns 
0.44 0.47 0.4 167 ns 
0.02 -0.13 0.4 1826 ns 
0.48 0.37 0.4 223 ns 
0.34 0.32 0.4 195 ns 
1.17 1.16 0.7 68 ns 
Table 8 .6 Results of ANOVA of 2000-01 mean log DFAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant 
difference, %cv = coefficient of variation, ns = not significant). 
Amino acid Mean {±} s.d. s.e. %cv 
ASP 8.7 11 .2 0.6 129 
GLU 7.7 7.6 0.4 99 
SER 12.8 7.3 0.4 57 
HIS 5.6 8.5 0.5 153 
GLY 19.0 11 .0 0.6 58 
THR 5.0 3.1 0.2 62 
ARG 4.0 5.1 0.3 129 
ALA 13.4 8.4 0.4 63 
TYR 3.9 6.6 0.4 169 
MET 9.0 13.5 1.0 150 
VAL 8.4 11.1 0.6 133 
PHE 3.4 3.6 0.2 105 
ILE 4.3 3.6 0.2 84 
LEU 4.7 4.2 0.2 90 
LYS 12.9 15.1 1 .1 117 
Table 8 .7 Summary of mean DFAA %RMD data for 432 samples (s.d. = standard 
deviation, s.e. = standard error, %cv = coefficient of variation) . 
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Lysimeter 
Year Amino 
acid 
1998-99 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
CUa 
Mean 
%RMD 
7.3 
11 .6 
10.0 
4.6 
17.6 
4.9 
4.0 
13.9 
3.7 
3.0 
9.8 
3.4 
3.2 
5.5 
6.9 
21.2 
4.4 
8.5 
9.0 
15.3 
5.2 
8.6 
17.6 
4.7 
18.3 
5.3 
7.9 
3.7 
7.3 
3.8 
4.7 
5.6 
11 .6 
4.7 
19.9 
5.6 
4.3 
14.6 
2.9 
6.4 
6.1 
3.3 
4.4 
7.5 
22.4 
CUb 
Mean lsd %cv level of significance %RMD 
9.6 2.9 44 ns 
11.4 3.6 40 ns 
9.6 5.3 69 ns 
4.5 2.0 56 ns 
15.0 7.5 59 ns 
4.9 1.5 40 ns 
6.4 2.9 72 ns 
11 .9 5.3 53 ns 
3.9 2.0 67 ns 
2.7 1.7 73 ns 
10.5 10.3 130 ns 
3.8 2.1 76 ns 
2.8 1.8 79 ns 
5.7 3.2 74 ns 
4.7 4.4 96 ns 
22.5 24.3 121 ns 
4.1 2.1 55 ns 
8.6 4.1 53 ns 
12.9 18.7 189 ns 
17.6 6.7 44 ns 
5.4 3.1 64 ns 
3.7 6.7 120 ns 
15.8 11 .8 78 ns 
5.3 4.5 99 ns 
4.1 78.5 129 ns 
4.9 2.7 60 ns 
4.7 6.9 120 ns 
3.1 2.1 69 ns 
5.6 5.4 94 ns 
7.0 2.6 50 * 
6.4 4.4 152 ns 
6.0 2.4 78 ns 
12.9 3.7 57 ns 
3.6 1.5 68 ns 
19.9 5.9 56 ns 
5.7 1.6 55 ns 
3.9 1.6 72 ns 
12.4 3.9 54 ns 
3.3 1.4 86 ns 
12.4 9.7 192 ns 
4.9 2.6 91 ns 
2.6 1.1 73 ns 
3.9 1.8 82 ns 
4.5 3.1 97 ns 
20.0 9.6 82 ns 
Table 8 .8 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in the 
Conventional N undrained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns =not significant, * = p <0.05). 
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Lysimeter 
Year Amino acid 
1998-99 ASP 
GLU 
SEA 
HIS 
GLY 
THA 
AAG 
ALA 
TYA 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SEA 
HIS 
GLY 
THA 
AAG 
ALA 
TYA 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SEA 
HIS 
GLY 
THA 
AAG 
ALA 
TYA 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
CD a 
Mean 
%AMD 
8.5 
9.1 
12.1 
4.4 
17.2 
5.1 
2.6 
12.8 
5.1 
5.9 
15.8 
7.7 
2.5 
3.7 
8.3 
20.4 
4.4 
12.0 
4.9 
13.8 
4.0 
4.3 
21.3 
2.8 
4.0 
5.7 
2.9 
3.3 
3.8 
13.5 
5.8 
5.8 
11 .7 
3.7 
19.1 
4.6 
3.3 
12.1 
4.1 
14.8 
6.8 
3.0 
4.7 
5.7 
23.2 
COb 
Mean lsd %cv level of %AMD significance 
7.2 2.9 48 ns 
8.5 4.0 59 ns 
12.1 4.3 46 ns 
4.3 1.9 55 ns 
17.4 6.0 44 ns 
3.8 1.3 36 * 
2.6 1.8 86 ns 
13.5 5.9 57 ns 
3.2 2.4 71 ns 
3.1 4.2 57 ns 
18.1 15.6 117 ns 
4.2 2.5 52 ** 
3.9 2.2 88 ns 
4.5 1.8 56 ns 
7.9 4.2 64 ns 
18.7 20.9 118 ns 
5.2 2.8 65 ns 
12.1 8.0 74 ns 
5.6 7.2 152 ns 
29.5 19.7 101 ns 
3.4 2.0 59 ns 
2.1 2.7 94 ns 
13.4 19.7 126 ns 
1.5 1.9 97 ns 
11 .9 35.8 83 ns 
8.3 9.2 146 ns 
2.2 1.3 57 ns 
2.6 1.8 66 ns 
2.4 1.4 49 
4.1 14.6 177 ns 
6.0 3.6 117 ns 
7.7 3.7 103 ns 
13.5 3.6 55 ns 
4.4 1.6 75 ns 
20.4 6.3 61 ns 
4.6 1.2 49 ns 
4.2 1.9 97 ns 
13.2 3.4 51 ns 
5.0 3.5 147 ns 
14.1 12.1 157 ns 
5.7 3.0 93 ns 
2.3 1.3 94 ns 
4.0 1.9 85 ns 
5.3 2.7 93 ns 
13.1 11.9 118 ns 
Table 8 .9 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in the 
Conventional N drained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns = not significant, * = p <0.05, ** = p <0.01 ). 
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Lysimeter 
Year Amino 
acid 
1998-99 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
GCDa 
Mean 
%RMD 
8.3 
7.9 
11.9 
4.9 
18.6 
5.2 
2.3 
12.6 
5.0 
3.4 
15.6 
4.0 
3.1 
3.1 
8.5 
16.1 
8.4 
16.5 
6.8 
20.2 
4.4 
10.3 
12.7 
3.5 
9.9 
6.6 
2.8 
4.9 
3.1 
5.9 
4.9 
6.8 
15.0 
4.3 
18.8 
4.9 
3.8 
14.7 
4.6 
9.5 
4.9 
1.6 
5.4 
4.5 
17.6 
GC Db 
Mean lsd %cv level of significance %RMD 
6.9 4.0 68 ns 
8.4 3.6 57 ns 
11.1 5.2 58 ns 
5.3 2.7 66 ns 
14.1 6.2 48 ns 
3.9 1.9 52 ns 
2.3 1.5 82 ns 
10.3 4.0 44 ns 
4.2 2.7 73 ns 
2.9 1.1 40 ns 
20.9 16.1 113 ns 
6.5 4.1 99 ns 
3.5 2.2 83 ns 
4.9 2.2 69 ns 
13.3 5.8 66 ns 
15.3 14.6 103 ns 
17.2 20.8 180 ns 
16.1 8.5 58 ns 
16.6 21.2 193 ns 
16.5 9.0 54 ns 
4.2 2.2 57 ns 
5.4 17.1 232 ns 
11 .5 5.4 50 ns 
2.0 2.4 93 ns 
12.7 40.2 66 ns 
8.0 5.9 90 ns 
1.6 2.0 89 ns 
8.5 4.9 80 ns 
2.8 1.5 56 ns 
12.4 8.7 100 ns 
6.5 4.0 134 ns 
7.9 3.2 83 ns 
14.3 3.3 42 ns 
4.0 1.3 59 ns 
20.4 5.3 51 ns 
5.4 1.3 46 ns 
2.6 1.7 99 ns 
15.4 3.8 47 ns 
3.0 2.8 140 ns 
10.1 4.9 94 ns 
5.1 2.1 80 ns 
2.6 0.9 79 * 
5.4 2.5 88 ns 
4.3 2.0 86 ns 
23.1 15.0 132 ns 
Table B.10 Results of ANOVA of individual DFAA %RMD between pairs of lysimeters in 
the Grass/clover drained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns = not significant, * = p <0.05). 
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units zu 
1 9.172 
2 40.695 
3 1.281 
4 29.446 
5 1.225 
6 53.203 
7 13.287 
8 155.094 
9 1.990 
10 60.909 
11 1.079 
12 34.380 
13 0.725 
14 103.764 
15 2.787 
16 210.938 
17 0.020 
18 83.868 
19 0.052 
20 37.671 
21 0.609 
22 85.866 
23 5.778 
24 192.471 
CUa CD a 
115.655 44.777 
83.880 2.071 
156.036 52.103 
189.080 130.928 
203.320 78.243 
75.686 82.353 
259.290 73.874 
3.802 80.507 
153.701 55.380 
90.950 0.407 
209.437 67.384 
256.016 166.915 
202.793 74.279 
78.508 135.248 
225.381 72.045 
0.935 94.514 
180.280 58.275 
69.015 2.007 
188.497 63.912 
251 .009 169.847 
194.796 72.169 
76.965 117.755 
254.293 97.975 
2.210 71.285 
Lysimeter 
ZD GC Db GCDa CUb COb 
28.503 37.639 11 .856 33.343 2.332 
58.825 89.873 52.630 121 .214 32.829 
11.885 61 .744 2.828 31.035 0.148 
50.612 36.426 23.855 2.141 23.046 
5.896 80.050 0.044 23.229 4.346 
92.386 2.873 55.004 44.171 34.051 
2.967 156.167 15.399 75.880 25.201 
214.290 46.110 167.991 183.397 121 .223 
13.966 56.363 3.104 27.255 0.077 
77.284 121.851 75.690 160.712 53.599 
1.662 98.704 1.565 38.692 6.451 
47.017 69.170 25.682 0.747 33.940 
4.596 83.521 0.039 26.780 4.255 
155.628 1.723 104.205 68.821 76.900 
0.439 111 .620 3.157 43.846 10.024 
275.314 89.975 228.554 259.818 172.902 
5.871 78.088 1.052 33.435 1.974 
106.680 123.374 100.737 186.933 72.108 
5.128 80.053 0.458 30.865 2.613 
52.335 64.355 28.846 0.430 35.982 
6.019 77.615 0.038 25.177 3.148 
133.667 0.149 86.601 58.386 61.501 
2.184 114.741 3.425 32.511 14.323 
250.717 97.276 211 .191 256.519 158.075 
Table 8.11 Output from discriminant analysis of DFAA %RMD: Mahalanobis distances. 
Dimension 
Amino acid 1 2 
ASP -144.754 44.2079 
GLU -14.8728 125.587 
SEA 82.6534 57.6493 
HIS 222.35 33.2548 
GLY 169.342 -2.53027 
THR -283.91 128.397 
ARG 179.973 -38.1004 
ALA 310.256 39.7438 
TYR 94.5529 -116.959 
MET 64.3821 40.899 
VAL 149.399 33.5297 
OHE -199.68 -46.0311 
ILE -389.01 -374.009 
LEU 168.658 290.293 
LYS -18.9094 38.8622 
Table 8.12 Output from discriminant analysis of DFAA % RMD: Latent Vectors. 
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Lysimeter 
CD a 
COb 
CUa 
CUb 
GCDa 
GC Db 
ZD 
zu 
Dimension 
2 
-3.00391 1.12291 
10.4902 -0.204569 
3.50447 5.36197 
-4.91 833 2.44803 
3.33703 -5.1345 
-3.64429 0.488343 
-4.08821 -4.4941 
-1 .67692 0.411918 
Table 8.13 Output from discriminant analysis of DFAA %RMD: Group means. 
units Lysimeter 1 2 
1 zu -0.264 -0.168 
2 CUa 2.522 4.311 
3 CD a -1.971 0.659 
4 ZD -2.639 -4.291 
5 GC Db -3.759 0.314 
6 GCDa 2.505 -3.658 
7 CUb -5.007 4.168 
8 COb 9.145 -1 .616 
9 zu -1.899 0.245 
10 CUa 3.1 66 5.903 
11 CD a -3.853 1.722 
12 ZD -4.948 -4.409 
13 GC Db -3.724 0.668 
14 GCDa 4.018 -6.256 
15 CUb -4.341 2.123 
16 COb 11.457 -0.231 
17 zu -2.867 1.158 
18 CUa 4.826 5.873 
19 CD a -3.187 0.988 
20 ZD -4.677 -4.782 
21 GC Db -3.450 0.483 
22 GCDa 3.488 -5.490 
23 CUb -5.407 1.053 
24 COb 10.869 1.233 
Table 8.14 Output from discriminant analysis of DFAA %RMD: Unit scores. 
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Amino acid minimum 
ASP 0.20 
GLU 0.58 
SEA 0.21 
HIS 2.96 
GLY 0.27 
THA 0.18 
AAG 0.49 
ALA 0.21 
TYA 0.21 
VAL 0.39 
PHE 0.45 
ILE 0.26 
LEU 0.64 
LYS 0.83 
mean 0.56 
maximum 
3547.98 
1422.93 
1428.71 
6494.94 
5214.65 
1948.74 
496.77 
7337.12 
675.11 
2313.13 
1145.15 
826.52 
1841.65 
684.89 
2527.02 
mean s.d. {±} %cv 
250.01 424.63 170 
118.67 184.36 155 
145.66 244.40 168 
564.68 968.76 172 
308.31 640.37 208 
139.29 277.91 200 
28.00 76.49 273 
238.62 735.00 308 
31 .60 81 .91 259 
114.40 244.19 21 4 
62.01 126.53 204 
45.54 89.12 196 
88.41 192.43 218 
61.44 94.60 154 
156.90 312.91 207 
Table 8 .15 Summary of 1998-99 DCAA concentrations (nM), (s.d . = standard deviation, 
%cv =coefficient of variation; n = 112). 
Amino acid minimum maximum mean s.d. {±} %cv 
ASP 2.37 1728.65 135.47 240.94 178 
GLU 0.38 654.13 43.04 87.93 204 
SEA 0.70 785.08 75.42 112.23 149 
HIS 0.28 2413.27 231 .72 433.67 187 
GLY 1.36 9175.69 320.36 1022.65 319 
THA 0.64 618.41 97.70 111 .34 114 
AAG 0.52 5258.30 383.55 1057.36 276 
ALA 2.93 2335.75 192.30 312.07 162 
TYA 0.38 262.05 22.82 40.92 179 
MET 0.12 27.33 2.61 4.93 189 
VAL 1.65 746.36 59.91 96.99 162 
PHE 0.23 230.28 28.13 32.44 115 
ILE 0.90 371 .32 30.85 48.09 156 
LEU 0.21 655.17 56.25 87.29 155 
LYS 0.16 199.70 26.09 41 .89 161 
mean 0.86 1697.43 113.75 248.71 180 
Table 8 .16 Summary of 1999-00 DCAA concentrations (nM), (s.d. = standard deviation, 
%cv = coefficient of variation ; n = 88). 
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Amino acid minimum 
ASP 3.3 
GLU 0.4 
SER 2.2 
HIS 0.2 
GLY 1.8 
THR 0.2 
ARG 0.3 
ALA 0.7 
TYR 0.1 
MET 0.1 
VAL 0.5 
PHE 0.4 
ILE 0.5 
LEU 0.1 
LYS 0.2 
mean 0.7 
maximum 
10532.9 
8933.1 
5454.7 
16193.9 
12737.1 
11571.2 
4332.9 
12712.0 
1494.5 
1611.3 
19979.2 
3163.0 
2485.3 
5793.8 
16984.1 
8931.9 
mean s.d. {±} %cv 
870.4 1571 .9 181 
522.9 1322.6 253 
320.4 696.7 218 
411 .9 1781.2 432 
1090.6 1938.1 178 
671.1 1537.6 229 
239.4 534.5 223 
770.6 1793.5 233 
123.2 255.5 207 
246.8 306.9 124 
460.7 1559.6 339 
145.8 338.2 232 
220.2 399.5 181 
290.4 644.7 222 
486.7 1978.9 407 
458.1 1110.6 244 
Table B.17 Summary of 2000-01 DCAA concentrations (nM), (s.d . = standard deviation, 
%cv =coefficient of variation; n = 232). 
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Amino acid CD 
ASP 1.26 
GLU 0.84 
SER 0.64 
HIS 2.44 
GLY 1.69 
THR 0.56 
ARG 0.51 
ALA 1.37 
TYR 0.55 
VAL 1.06 
PHE 0.95 
ILE 0.75 
LEU 1.11 
LYS 1.52 
Total DCAA 2.10 
Treatment 
cu GCD 
2.56 1.59 
2.18 1.38 
2.11 1.03 
2.47 2.09 
2.36 1.75 
2.16 1.34 
1.22 0.83 
2.41 1.62 
1.39 0.93 
2.17 1.46 
1.81 1.37 
1.79 1.16 
2.08 1.36 
1.67 1.37 
3.39 2.60 
ZD zu lsd %cv level of 
significance 
1.95 2.42 0.4 30 *** 
1.49 2.11 0.4 38 *** 
1.41 2.06 0.6 59 *** 
2.27 2.39 0.5 30 ns 
2.04 2.27 0.5 34 *** 
1.56 2.05 0.5 46 *** 
0.81 1.16 0.4 62 *** 
1.84 2.30 0.4 32 *** 
0 .74 1.23 0.4 57 *** 
1.51 2.05 0.4 37 *** 
1.09 1.55 0.4 42 *** 
1.16 1.59 0.4 39 *** 
1.42 1.86 0.4 34 *** 
1.11 1.51 0.4 37 
3.02 3.28 0.5 22 *** 
Table 8.18 Results of ANOVA of 1998-99 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = zero N drained, ZU = zero N undrained, lsd = least significant 
difference, %cv = coefficient of variation, ns = not significant, * = p <0.05, ** = p <0.01 , *** 
= p <0.001). 
Treatment 
Amino acid CD cu GCD ZD zu lsd %cv level of 
significance 
ASP 1.81 2.27 1.34 1.56 1.90 0.4 26 *** 
GLU 1.24 1.67 0.60 1.01 1.06 0.5 56 *** 
SER 1.61 1.98 1.30 1.15 1.70 0.4 27 *** 
HIS 1.59 1.74 1.00 1.24 1.81 1.0 80 ns 
GLY 2.07 2.30 1.50 1.79 1.96 0.6 35 ** 
THR 1.79 2.10 1.30 1.52 1.64 0.5 32 *** 
ARG 1.63 1.97 1.46 1.36 1.16 0.8 58 ns 
ALA 2.16 2.35 1.62 1.76 1.98 0.4 23 *** 
TYR 0.98 1.32 0.65 0 .30 0.93 0.6 75 *** 
MET -0.24 0.27 -0.53 0.00 -0.07 0.6 509 ** 
VAL 1.56 1.91 1.17 1.42 1.44 0.3 26 *** 
PHE 1.17 1.49 0.80 0.97 1.14 0.5 55 ** 
ILE 1.30 1.61 0.91 1.03 1.19 0.3 32 
LEU 1.60 1.82 0.94 1.35 1.45 0.4 36 *** 
LYS 0.95 1.30 0.69 0.69 0.82 0.6 70 ns 
Total DCAA 3.00 3.29 2.57 2.63 2.80 0.3 14 *** 
Table 8.19 Results of ANOVA of 1999-00 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant 
difference, %cv = coefficient of variation, ns = not significant, * = p <0.05, ** = p <0.01, *** 
= p <0.00). 
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Amino acid CD 
ASP 2.57 
GLU 1.83 
SEA 2.06 
HIS 1.13 
GLY 2.58 
THA 2.25 
AAG 1.66 
ALA 2.24 
TYA 1.40 
MET 2.10 
VAL 2.13 
PHE 1.67 
ILE 2.02 
LEU 2.04 
LYS 1.85 
Total DCAA 3.34 
Treatment 
cu GCD 
2.94 2.32 
2.30 1.69 
2.50 1.86 
1.69 0.85 
2.82 2.23 
2.70 2.02 
1.75 1.60 
2.60 1.90 
2.02 1.23 
1.88 1.93 
2.30 1.78 
1.95 1.43 
2.25 1.72 
2 .31 1.68 
1.89 1.76 
3.63 3.17 
ZD zu lsd %cv level of significance 
2.28 2.47 0.3 22 *** 
1.68 1.97 0.5 46 ** 
1.59 1.81 0.3 28 *** 
1.13 1.30 0.6 88 *** 
2.31 2.50 0.4 31 *** 
2.06 2.26 0.4 32 *** 
1.41 1.24 0.5 65 ns 
2.03 2.20 0.4 38 *** 
1.42 1.49 0.4 47 *** 
1.57 1.56 0.5 50 ns 
1.87 1.96 0.5 43 ns 
1.26 1.48 0.4 45 *** 
1.52 1.76 0.3 32 *** 
1.60 1.74 0.3 34 *** 
1.53 1.63 0.4 46 ns 
3.12 3.26 0.3 20 ** 
Table 8 .20 Results of ANOVA of 2000-01 mean log DCAA concentrations (nM) between 
treatments (CD = Conventional N drained, CU = Conventional N undrained, GCD = 
Grass/clover drained, ZD = Zero N drained, ZU = Zero N undrained, lsd = least significant 
difference, %cv =coefficient of variation, ns = not significant, * = p <0.05, ** = p <0.01 , *** 
= p <0.001). 
Amino acid Mean s.d. {±} s.e. %cv 
ASP 14.8 9.5 0.5 64 
GLU 5.0 5.2 0.3 104 
SEA 5.2 3.9 0.2 75 
HIS 8.8 15.0 0.9 172 
GLY 17.3 11 .9 0.6 69 
THA 9.5 7.9 0 .4 83 
AAG 8.1 16.9 0.9 210 
ALA 12.0 7.8 0.4 65 
TYA 1.8 2.7 0.1 148 
MET 8.2 13.5 0.9 165 
VAL 6.8 7.0 0.4 104 
PHE 2.7 3.3 0.2 123 
ILE 3.3 2.1 0.1 63 
LEU 4.4 3.0 0 .2 69 
LYS 5.5 9.0 0.5 162 
Table 8 .21 Summary of mean DCAA % RMD data for 432 samples (s.d. = standard 
deviation, s.e. =standard error, %cv = coefficient of variation). 
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Lysimeter 
Year Amino acid 
1998-99 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
CUa 
Mean 
%RMD 
14.0 
6.8 
7.5 
15.9 
16.4 
7.5 
0.8 
12.3 
1.0 
5.9 
3.5 
2.2 
4.5 
4.6 
11 .8 
3.1 
6.4 
11.1 
16.6 
11 .2 
14.9 
14.6 
2.2 
0.1 
4.9 
2.0 
2.3 
4.3 
1.9 
17.6 
7.2 
6.5 
2.6 
17.1 
13.8 
6.2 
10.9 
2.0 
3.9 
6.3 
1.8 
3.4 
3.9 
2.5 
CUb 
Mean lsd %cv level of %RMD significance 
17.7 6.8 55 ns 
6.9 2.9 54 ns 
7.1 3.8 66 ns 
13.0 9.3 81 ns 
16.0 10.9 86 ns 
7.2 5.9 103 ns 
1.8 1.9 182 ns 
9.5 3.8 44 ns 
0.8 0.4 55 ns 
6.8 1.7 35 ns 
2.5 2.1 92 ns 
2.7 0.5 27 ns 
5.2 1.3 34 ns 
6.0 7.2 172 ns 
9.5 4.1 43 ns 
2.6 1.3 50 ns 
6.3 3.6 64 ns 
10.2 9.6 100 ns 
17.6 11 .1 73 ns 
11.3 10.5 105 ns 
17.4 27.0 185 ns 
12.7 4.8 40 ns 
2.1 2.6 141 ns 
0.1 0.1 89 ns 
4.6 1.7 40 ns 
2.2 1.3 71 ns 
2.3 0.7 36 ns 
3.9 1.5 42 ns 
1.8 2.1 129 ns 
22.0 6.8 65 ns 
6.2 4.6 130 ns 
6.9 2.3 64 ns 
2.1 3.0 238 ns 
18.1 4.1 43 ns 
11.1 2.9 44 ns 
5.9 4.6 144 ns 
12.3 3.7 60 ns 
2.0 0.2 23 ns 
5.4 2.6 103 ns 
5.0 2.4 81 ns 
1.9 0.3 35 ns 
3.6 0.9 49 ns 
4.0 0.7 33 ns 
3.5 1.5 96 ns 
Table B.22 Results of ANOVA of individual DCAA % RMD between pairs of lysimeters in 
the Conventional N undrained treatment (lsd = least significant difference, %cv = 
coefficient of variation, ns = not significant) . 
J.M.B. Hawkins 2005 260 AppendixB 
University of Plymouth 
IGER, North Wyke 
Lysimeter 
Year Amino acid 
1998-99 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
CD a 
Mean 
%RMD 
12.0 
4.0 
2.4 
40.4 
22.9 
1.9 
0.8 
11.8 
0.1 
7.9 
5.6 
3.0 
7.4 
17.0 
7.5 
2.5 
5.1 
13.4 
15.2 
11 .9 
14.3 
19.3 
1.1 
0.1 
4.7 
2.5 
3.0 
5.5 
2.0 
15.6 
3.9 
3.9 
2.9 
17.8 
8.8 
5.4 
11.8 
1.4 
11 .5 
8.0 
1.8 
3.5 
4.3 
6.0 
CDb 
Mean lsd %cv level of %RMD significance 
13.1 8.5 86 ns 
4.0 2.8 89 ns 
5.7 3.5 105 ns 
11.9 33.0 105 ns 
31.4 16.3 76 ns 
2.9 2.2 118 ns 
0.7 0.1 22 ns 
10.7 5.1 58 ns 
0.5 0.4 98 ns 
6.9 2.7 47 ns 
2.4 4.4 133 ns 
3.3 1.7 71 ns 
8.8 6.2 96 ns 
12.9 11 .7 98 ns 
8.9 4.1 56 ns 
2.1 1.4 70 ns 
5.2 3.7 78 ns 
18.2 18.3 127 ns 
16.9 9.7 68 ns 
11 .2 10.4 100 ns 
13.6 25.0 199 ns 
13.6 10.0 68 ns 
4.1 4.4 181 ns 
1.1 1.3 232 ns 
4.4 2.5 61 ns 
2.8 2.6 108 ns 
2.3 1.6 68 ns 
4.6 3.1 69 ns 
3.9 6.2 232 ns 
16.3 4.7 56 ns 
4.5 2.7 125 ns 
4.1 1.3 61 ns 
0.8 2.6 262 ns 
16.6 5.7 63 ns 
9.8 3.3 67 ns 
6.9 4.9 152 ns 
10.5 3.7 62 ns 
1.0 0.4 70 
18.5 8.8 110 ns 
10.5 5.0 101 ns 
1.8 0.5 50 ns 
4.9 1.4 65 ns 
3.8 0.7 34 ns 
4.2 4.5 166 ns 
Table 8 .23 Results of ANOVA of individual DCAA % RMD between pairs of lysimeters in 
the Conventional N drained treatment (lsd = least significant difference, %cv = coefficient 
of variation, ns = not significant, * = p <0.05). 
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Lysimeter 
Year Amino acid 
1998-99 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
VAL 
PHE 
ILE 
LEU 
LYS 
1999-00 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
2000-01 ASP 
GLU 
SER 
HIS 
GLY 
THR 
ARG 
ALA 
TYR 
MET 
VAL 
PHE 
ILE 
LEU 
LYS 
GCDa 
Mean 
%RMD 
9.5 
5.8 
4.5 
21 .2 
19.4 
6.5 
1.9 
12.2 
1.5 
6.1 
4.0 
2.8 
4.8 
10.5 
8.8 
2.2 
6.1 
20.9 
16.4 
10.1 
14.9 
14.3 
3.5 
0.1 
4.5 
2.6 
2.6 
4.2 
2.3 
18.8 
4.6 
5.2 
1.2 
18.4 
10.8 
7.2 
9.7 
2.6 
11 .8 
7.2 
2.5 
4.3 
4.0 
6.3 
GC Db 
Mean lsd %cv level of %RMD significance 
13.4 7.2 79 ns 
5.7 3.0 65 ns 
2.0 2.8 110 ns 
11.7 15.7 110 ns 
17.6 10.6 73 ns 
4.8 5.6 124 ns 
1.7 2.1 141 ns 
11.8 4.2 45 ns 
0.9 0.9 94 ns 
8.8 3.3 56 ns 
11 .1 6.5 108 * 
4.5 1.4 50 * 
7.7 2.0 40 ** 
16.9 13.9 126 ns 
6.5 4.9 72 ns 
1.3 1.5 93 ns 
5.1 3.4 66 ns 
3.5 19.0 172 ns 
12.1 10.2 80 ns 
12.4 10.5 104 ns 
34.5 32.6 145 ns 
21.4 13.6 86 ns 
0.9 3.9 195 ns 
0.3 0.2 143 ns 
5.8 3.1 68 ns 
4.1 3.1 104 ns 
2.1 1.0 46 ns 
5.0 4.7 114 ns 
3.7 4.7 173 ns 
14.3 4.5 51 * 
4.8 2.2 91 ns 
3.8 2.2 90 ns 
1.0 0.9 155 ns 
11.1 4.7 60 ** 
8.5 3.3 64 ns 
10.2 6.6 144 ns 
7.9 3.0 64 ns 
2.9 2.7 185 ns 
22.4 10.1 110 * 
11.4 7.6 154 ns 
2.1 1.1 92 ns 
3.9 1.3 59 ns 
3.6 1.5 74 ns 
10.5 5.6 125 ns 
Table 8 .24 Results of ANOVA of individual DCAA %RMD between pairs of lysimeters in 
the Grass/clover drained treatment (lsd = least significant difference, %cv = coefficient of 
variation, ns = not significant, * = p <0.05, ** = p <0.01 , *** = p <0.001 ). 
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units zu 
1 107.907 
2 263.586 
3 0.183 
4 71.777 
5 554.325 
6 262.249 
7 354.946 
8 52.437 
9 117.444 
10 165.276 
11 0.692 
12 67.120 
13 558.294 
14 309.138 
15 319.499 
16 62.150 
17 160.324 
18 183.328 
19 1.406 
20 61.879 
21 564.688 
22 325.312 
23 319.091 
24 52.938 
CUa CD a 
16.912 27.153 
77.030 4.304 
60.334 210.084 
165.439 337.250 
339.135 255.354 
78.521 10.705 
133.824 33.419 
0.198 48.179 
14.925 15.872 
29.250 2.694 
57.052 203.900 
158.651 328.784 
340.222 253.748 
102.847 13.536 
109.879 18.427 
0.323 40.424 
30.004 5.962 
38.526 1.982 
51.863 191 .506 
187.164 389.108 
343.232 253.650 
117.278 28.949 
108.223 13.980 
0.034 47.778 
Lysimeter 
ZD GC Db GCDa CUb COb 
93.954 84.288 406.327 186.334 1.851 
7.358 7.017 234.156 429.209 33.336 
339.379 306.299 561.284 68.002 135.427 
521.461 492.472 965.197 0.877 212.463 
175.394 163.402 0.050 958.335 361.663 
4.284 1.099 166.683 463.025 48.973 
2.615 3.206 134.836 587.979 92.413 
121.894 104.166 357.404 158.400 18.917 
71.694 62.408 354.354 217.319 0.264 
28.817 21.140 238.188 320.127 13.150 
328.860 295.742 536.734 77.968 133.122 
510.775 481.813 947.898 0.817 205.971 
172.746 161.233 0.000 962.013 360.857 
0.881 1.891 195.021 501.217 56.217 
0.090 0.642 170.858 526.111 66.304 
105.688 88.430 320.503 183.687 18.574 
47.181 41.500 328.178 272.470 2.397 
33.210 28.867 299.285 309.789 6.969 
322.156 291.791 581.466 52.090 114.895 
582.014 547.136 981 .021 3.305 258.175 
171 .179 160.175 0.053 968.874 361.929 
3.586 2.156 128.149 557.327 83.640 
2.717 5.178 218.944 500.584 55.021 
119.478 101.459 345.135 164.725 20.392 
Table 8.25 Output from discriminant analysis of DCAA % RMD: Mahalanobis distances. 
Dimension 
Amino acid 1 2 
ASP 53.954 6.086 
GLU -4.492 23.879 
SEA -643.888 184.204 
HIS 35.781 6.381 
GLY 97.642 66.449 
THR 144.762 -56.371 
ARG -92.859 11 .289 
ALA 44.108 2.950 
TYR -164.804 96.328 
MET 123.800 -68.230 
VAL -82.187 108.320 
OHE -13.444 1.227 
ILE -925.685 304.801 
LEU 503.512 -374.536 
LYS -262.138 -8.612 
Table 8 .26 Output from discriminant analysis of DCAA %RMD: Latent Vectors. 
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Lysimeter 
CD a 
COb 
CUa 
CUb 
GCDa 
GC Db 
ZD 
zu 
Dimension 
2 
9.186 -4.910 
2.995 -0.748 
-2.307 3.396 
-6.782 3.715 
-6.256 2.753 
-14.363 -7.038 
15.983 -0.544 
1.544 3.376 
Table 8.27 Output from discriminant analysis of DCAA %RMD: Group means. 
units Lysimeter 1 2 
1 zu 2.904 3.364 
2 CUa -4.146 4.355 
3 CD a 9.267 -5.329 
4 ZD 15.808 0.375 
5 GC Db -14.244 -7.227 
6 GCDa -5.357 2.214 
7 CUb -8.046 2.706 
8 COb 3.398 -0.559 
9 zu 1.643 2.871 
10 CUa -1.747 1.853 
11 CD a 8.762 -5.625 
12 ZD 15.551 0.249 
13 GC Db -14.346 -7.034 
14 GCDa -5.920 4.087 
15 CUb -6.598 3.478 
16 COb 2.433 -0.841 
17 zu 0.084 3.893 
18 CUa -1.026 3.981 
19 CD a 9.529 -3.775 
20 ZD 16.592 -2.257 
21 GC Db -14.498 -6.852 
22 GCDa -7.491 1.959 
23 CUb -5.703 4.960 
24 COb 3.152 -0.844 
Table 8 .28 Output from discriminant analysis of DCAA %RMD: Unit scores. 
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Component 
Biomass 
Clover 
Clover 
Fungi 
Fungi 
General bacteria 
Livestock wastes 
Ryegrass leaves 
Ryegrass roots 
Ryegrass shoots 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Soil bacteria 
SOM 
Urine 
Urine 
ASP 
8.2 
10.2 
10.0 
13.6 
13.2 
13.9 
2.8 
9.2 
13.0 
9.2 
8.2 
11 .7 
9.4 
10.6 
3.6 
19.2 
13.4 
0.0 
1.0 
GLU 
15.5 
11.5 
11 .5 
33.7 
18.4 
17.2 
2.8 
28.0 
24.9 
19.2 
9.8 
14.7 
11.2 
11.5 
4.1 
16.3 
10.4 
0.5 
4.7 
SEA 
3.2 
4.6 
4.6 
3.1 
0.6 
3.1 
0.0 
30.4 
13.0 
29.1 
4.5 
6.6 
4.2 
5.8 
2.8 
3.3 
7.4 
0.7 
0.5 
HIS 
1.3 
1.8 
2.5 
3.4 
1.7 
2.2 
1.0 
0.3 
2.7 
2.1 
4.3 
1.8 
2.8 
2.1 
1.1 
1.1 
2.8 
0.1 
0.5 
GLY 
12.7 
5.6 
5.4 
3.4 
8.0 
4.2 
1.5 
4.7 
3.8 
3.0 
7.6 
8.2 
5.5 
10.3 
4.1 
5.4 
12.6 
98.2 
85.5 
THR 
5.1 
5.5 
5.4 
3.1 
3.1 
5.0 
1.4 
9.6 
10.6 
12.2 
4.2 
7.2 
5.1 
6.2 
2.8 
4.8 
7.1 
0.0 
0.5 
ARG 
5.0 
6.5 
6.4 
3.9 
3.5 
7.2 
1.9 
0.0 
6.1 
5.8 
13.6 
4.2 
6.9 
5.8 
3.0 
5.1 
3.6 
0.2 
0.2 
ALA 
18.3 
6.2 
6.1 
5.1 
9.6 
7.2 
0.0 
9.3 
5.8 
5.8 
7.9 
8.8 
6.6 
11.3 
5.0 
7.6 
9.9 
0.0 
0.0 
TYR 
0.5 
4.4 
4.4 
3.1 
0.3 
2.5 
1.0 
0.0 
0.0 
0.0 
2.3 
2.9 
4.5 
2.0 
1.0 
1.1 
1.9 
0.1 
0.1 
MET 
1.1 
1.6 
1.7 
1.0 
1.0 
1.8 
0.6 
0.0 
0.0 
0.0 
1.2 
0.0 
2.1 
2.2 
0.8 
2.4 
0.6 
0.0 
0.4 
Table 8 .29 Relative distribution of amino acids in various components of a grassland system. 
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VAL 
7.3 
6.5 
6.8 
4.7 
6.1 
6.1 
1.7 
3.5 
9.2 
6.7 
5.3 
6.0 
6.4 
7.3 
1.5 
7.7 
6.4 
0.0 
0.1 
PHE 
2.0 
6.2 
6.1 
3.0 
3.9 
4.6 
1.3 
1.2 
1.0 
0.7 
3.5 
4.0 
6.1 
4.8 
1.1 
6.0 
3.1 
0.0 
0.4 
ILE 
3.9 
5.5 
5.3 
2.0 
6.9 
5.4 
1.2 
1.5 
3.8 
2.5 
3.5 
3.6 
5.2 
4.6 
1.0 
5.3 
3.9 
0.0 
0.0 
LEU 
6.6 
9.5 
9.5 
6.5 
9.9 
7.2 
2.3 
1.5 
3.4 
2.8 
6.6 
7.9 
9.1 
9.2 
1.4 
6.3 
5.9 
0.0 
0.4 
L YS Reference 
4.4 (Friedel and Scheller, 2002) 
6.5 (Gerloff et al., 1965) 
6.8 (Gerloff et al., 1965) 
3.3 (Block and Weiss, 1956) 
12.0 (Pokarzhevskii et al., 1989) 
6.4 (Block and Weiss, 1956) 
1.7 (Robertson, 1977) 
1 . o (Lefevre et al., 1989) 
2. 7 (Lefevre et al., 1989) 
0.9 (Lefevre et al. , 1989) 
8.8 (Jensen, 1982) 
4.8 (Pokarzhevskii et al., 1997) 
6.6 (Gerloff et al., 1965) 
6.5 (Winters et al., 2001 ) 
(Goswami and Willcox, 
2.8 1969) 
5.5 (Block and Weiss, 1956) 
3.9 (Friedel and Scheller, 2002) 
0.3 (Bathurst, 1952) 
0.4 (Kreula and Ettala, 1977) 
Appendix B 
Appendix C 
Date Time Flow rate water temperature water solar energy 
(h) (m s·1) (OC) pH (kJ h(1) 
27 -Jun-2001 12:00 0.274 15.91 7.08 1363.00 
13:00 0.274 15.98 6.95 1138.00 
14:00 0.274 16.09 7.16 1169.00 
15:00 0.274 16.21 7.18 1626.00 
16:00 0.274 16.32 7.13 111 9.00 
17:00 0.270 16.37 7.16 1608.00 
18:00 0.261 16.45 7.17 983.00 
19:00 0.261 16.49 7.19 506.20 
20:00 0.261 16.53 7.12 139.50 
21 :00 0.265 16.49 7.18 24.81 
22:00 0.270 16.37 7.17 0 
23:00 0.270 16.14 7.17 0 
28-Jun-2001 0:00 0.270 15.84 7.13 0 
1:00 0.270 15.63 7.11 0 
2:00 0.270 15.44 7.11 0 
3:00 0.274 15.28 7 .10 0 
4:00 0.274 15.15 7.09 0 
5:00 0.270 15.07 7.07 45.09 
6:00 0.265 14.99 7.08 163.70 
7:00 0.261 14.95 7.09 396.30 
8:00 0.261 14.94 7.09 1170.00 
9:00 0.261 15.02 7.09 1209.00 
10:00 0.270 15.10 7.07 1214.00 
11:00 0.270 15.15 7.06 1472.00 
12:00 0.274 15.25 7.14 1402.00 
Mean 0.269 15.727 7.116 930.478 
Table C.1 Data for physical variables measured during the River Taw study. 
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Date Time Total C Inorganic C DOC Total N Inorganic N DON DOC : DON Total % DOC %DON {h) (mg 1"1) (mg 1"1} (mg 1"1) (mg 1"1) (mg 1"1) (mg 1"1) 
ratio C: N ratio of Total C of Total N 
27 -Jun-2001 12:00 4.698 2.700 1.998 1.3 1.1 0.26 7.78 3.550 42.5 19.4 
13:00 5.051 2.539 2.512 1.4 1.1 0.26 9.66 3.687 49.7 19.0 
14:00 4.989 2.901 2.088 1.6 1.1 0.52 4.04 3.125 41.9 32.4 
15:00 4.773 2.735 2.038 1.2 1.0 0.25 8.26 3.934 42.7 20.3 
16:00 5.232 2.435 2.797 1.6 1.0 0.59 4.71 3.354 53.5 38.0 
17:00 4.575 2.530 2.045 1.1 0.9 0.22 9.16 4.159 44.7 20.3 
18:00 5.410 2.763 2.647 1.0 0.8 0.17 15.57 5.446 48.9 17.1 
19:00 5.139 2.802 2.337 1.0 0.8 0.15 15.24 5.409 45.5 16.1 
20:00 5.066 2.803 2.263 0.9 0.8 0.14 15.79 5.409 44.7 15.3 
21:00 5.105 2.934 2.171 1.0 0.8 0.17 12.53 5.174 42.5 17.6 
22:00 4.655 2.825 1.83 1.1 0.9 0.19 9.63 4.378 39.3 17.9 
23:00 5.181 2.768 2.413 1.1 1.0 0.17 13.92 4.531 46.6 15.2 
28-Jun-2001 0:00 5.838 3.117 2.721 1.2 1.0 0.23 11.66 4.759 46.6 19.0 
1:00 5.194 2.840 2.354 1.3 1.0 0.27 8.61 4.058 45.3 21.4 
2:00 4.935 2.918 2.017 1.3 1.0 0.31 6.51 3.701 40.9 23.3 
3:00 5.003 2.822 2.181 1.2 1.0 0.20 11.09 4.313 43.6 17.0 
4:00 4.654 2.947 1.707 1.1 0.9 0.24 7.11 4.094 36.7 21.1 
5:00 4.959 2.762 2.197 1.1 0.9 0.24 9.28 4.550 44.3 21.7 
6:00 4.874 2.687 2.187 1.1 0.9 0.23 9.65 4.404 44.9 20.5 
7:00 4.925 2.890 2.035 1.2 1.0 0.22 9.11 4.174 41.3 18.9 
8:00 5.431 2.638 2.793 1.2 1.0 0.16 17.10 4.655 51.4 14.0 
9:00 5.146 2.873 2.273 1.1 1.0 0.11 20.66 4.678 44.2 10.0 
10:00 4.622 2.800 1.822 1.2 1.0 0.22 8.41 3.737 39.4 17.5 
11 :00 4.745 2.684 2.061 1.2 1.0 0.14 14.72 4.021 43.4 11 .9 
12:00 6.430 2.654 3.776 1.2 1.0 0.13 28.32 5.559 58.7 11.5 
Mean 5.065 2.775 2.29 1.2 1.0 0.23 11 .542 4.354 44.9 19.1 
Table C.2 Data for chemical variables measured during the River Taw study. 
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